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Foreword

This report covers an engineering study conducted by
Wheeler Laboratories, Inc., a subsidiary of the Hazeltine Corporation,
for the National Aeronautics and Space Administration during the
period 1964 JAN 28 to 1964 NOV 28, under contract number NASw 888.

The study was initiated by a proposal to NASA presented in
WL Report No. 1139, "Development of Macroscopic Waveguide and
Waveguide Components for Optical Systems', 1963 APR.

An interim technical report was prepared and delivered
to NASA in 1964 JUN; it was designated WL Report 1209, '"A Macroscopic
Waveguide Medium for ILaser System Components'" (see Appendix A).

In addition, a series of 8 monthly letters has been
prepared to reporton the detailed progress during each month of
the contract period; these letters are listed with the references.



Summary

A theoretiéal and experimental study program has been

"macroscopic" optical

conducted for the development of large size or
wavegulide and components which operate in a single spatial mode.

Such components are expected to be required for sophisticated laser
systems., An all dielectric waveguide comprising a core and a clad-
ding region of differing dielectric constants was chosen for detailed
study. Each waveguide considered had a core dimension of the order
of 100 wavelengths; the difference of dielectric constants between
the core and cladding is about 0.0001, which permits propagation

in this large size to be limited to a single mode.

The theoretical analysis of the waveguide medium has
resulted in the formulation of mode cutoff conditions, field distri-
butions and propagation characteristics. In addition, various methods
for waveguide excitation have been evaluated. These properties have
been verified experimentally by tests of a parallel-plate type
glass-cladded, liquid-core waveguide, and a similar type bisected
by a metal wall. In the practical embodiment of the bisected wave-
guide there were sufficient losses in the metal wall so that the
modes of propagation were modified from those which would exist with
a lossless wall,

Tests of additional waveguide configurations have been
made as a first step in determining the feasibility of all-solid
components. Preliminary tests included a variety of solid-core
liguid-cladded types in both slab and circular rod geometries.
Single-mode propagation was obtained in a slab waveguide fabricated
from high optical quality fused quartz ground and polished to size.
It was found that other optical materials, drawn and fire polished
in either slab or circular rod shapes, had variations of dielectric
constant which distorted or precluded single-mode propagation,

The study of components in macroscoplc optical waveguide
included theoretical design, performance analysis, and experimental
evaluation. Study indicates directional couplers can be designed
to provide equal power split in coupling lengths of less than 3 cm.
For wavegulde bends, study indicated a minimum radius of 50 cm,



unless reflecting plates are added, A somewhat larger minimum
radius was indicated in experimental tests. Optical resonators in
wavegulde were found to have spatial characteristics fundamentally
different from free-space types., The normal ambiguity between angle
and frequency response 1s removed when resonant interference filters
are made in optical waveguide, In addition the application of the
waveguide resonator as a laser oscillator lInherently provides an
output in a single transverse mode. The common types of amplitude
and frequency modulators can be constructed in waveguide; the
possibility of operating with a very small volume of electro-optic
material permits large bandwldth with low modulator power. A unique
type of pulse modulator has been designed in which the modulation
level is essentially independent of modulation voltage., Optical
detectors fabricated in a single-mode waveguide have the property
that, unlike conventional detectors which are sensitive to only the
power in a signal, they are sensitive to the transverse distribution
of both the amplitude and phase of a signal.

These studies and experiments have indicated that macro-
scopic optical waveguides and components are feasible in operation
and construction and the concept offers promise of high performance
components for sophisticated laser systems.
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I. Introduction.

This final report covers a ten month program of theoretical
and experimental investigation to demonstrate the feasibility of
macroscopic optical waveguide and components. The long-term objective
of this program is the development of single-mode optical waveguide
and associated components which will operate in a manner similar to
those currently available at microwave frequencies (Ref. 16),

It is believed that single-mode components are needed in
any sophisticated informatlion transfer system, and specifically at
optical frequencies they are needed to realize the full potentialities
of the coherent laser oscillator., It is recognized that in some
arrangements a laser beam may be operated in a single transverse
mode, such as the TEM-00 output of a gas laser, but it is also
recognized that special care must be taken in the design of any
transmission system to maintain the single-mode character, For
example, a small scattering particle In a beam system introduces
spurious components forming higher modes which may interfere with
the intended operation of a system. On the other hand, a scattering
particle in a system restricted to single-mode operation may introduce
spurious signals, but these are damped or filtered by design so as
not to be harmful.

Usually, single-mode operation implies waveguide dimensions
comparable to the operating wavelength. For optical applications it
1s desirable to have a waveguide medium in a size large enough to
permit component fabrication., Therefore, effort has been directed
toward the development of macroscopic (large size) optical waveguide,
wavegulde of dimensions several orders of magnitude greater than the
operating wavelength, which still may operate in a single mode. It
is to be noted, however, that the waveguide is not intended for long
range transmission, but rather for construction of components which
probably will not exceed several centimeters in length,

The current study program has concentrated on dielectric
waveguldes with core regions of the order of 100 wavelengths in width
and a cladding region somewhat wider; both slab and circular geometries
have been investigated. The program has been divided into three main
parts, The first part includes an analysis of field configurations



and propagatlion characteristics, and wavegulde experiments to verify
the theoretical results. The second part has concentrated on com-
ponent studies and experiments, The third part includes a study of
materials, fabrication techniques, and experimental measurements to
develop a waveguide medium suitable for component implementation.

The results of the initial aspect of the investigation
which included theoretical study and attendant experiments of wave-
guide characteristics have been previously reported to NASA in Wheeler
Laboratories Report 1209, which is included in this report as Appen-
dix A; it is summarized briefly in Section III, herein. The remain-
ing parts of the program have been reported briefly in Ref. 30 and
in greater detail in Sections IV to VIII, herein,

II. Symbols

The following list contains the symbols which are in addi-
tion to those listed in Appendix A, p. 8A.

Lc = length of coupling region.

Li = separation of interferometer plates.

Lm = length of modulation region.

B = radius of curvature,

By = minimum radius of bend by "TIR" criterion.

B, = minimum radius of bend by "1/e" criterion.

b = separation of waveguide cores for evanescent-field coupler.
de = separation between electrodes in modulator.

R, = "Rayleigh Range" = d2/2k.

g = ratio Lm/Rr.

I = intensity of wave transmitted through interferometer.
Io = intensity of wave incident on interferometer.

Pout = optical power output of modulator,

Pin = optical power input to modulator.

S = power reflectivity.

Si = angle of incidence on interferometer,

eb = angle of incidence on dielectric interface within

wavegulide bend.




= phase length of modulator section = 27l /A, .

@O = free-space phase length of modulator section = BWLm/x.

@m = maximum phase variation in modulator.

A% = total phase shift between the first and second modes
in coupling region.

Kz = wavelength of plane wave 1n the wavegulide core dielectric,

qe = propagation parameter for lowest order even mode.

d, = propagation parameter for lowest order odd mode.

B = ZW/Ag propagation constant 1n waveguide.

AB = difference between propagation constants of lowest
order odd and even modes.

xgm = guide wavelength of m-th order mode.

Vp = rhase velocity.

c = velocity of light in vacuum.

w = radian frequency.,

Aw = bandwidth of modulation.

ITI, Optical Waveguide Theory.

This section briefly summarizes the material presented in
Appendix A on the theoretical investigation and experimental evalua-
tion of the propagation characteristics of macroscopic optical wave-
guide., The theoretical investigation analyzed modal characteristics,
field distributions, propagation constants, attenuation and excita-
tion; the experimental work comprised measurements of mode cutoff
relations, field distributions and modal excitation. The objective
of this initial investigation has been to verify that laboratory
models of optical waveguides can be constructed which operate in
accordance with the theory developed.,

The wavegulde studied herein is a dielectric type compris-
ing a core surrounded by a cladding of slightly lower dielectric
constant. A wave 1is guided in the core region by the process of total
internal reflection from the core-cladding interfaces., A variation
of the all-dielectric guide, where half the structure is imaged by a
reflecting wall, has also been studied, 1In either type, operation
can be restricted to only a single mode of propagation by proper choice



of waveguide parameters, The distingulshing feature between this
guide and conventional optical waveguides is that operation is con-
strained to a single mode or a few controlled modes even though the
size 1is large in terms of wavelength., This operation is achieved by
maintaining a very small difference in dielectric constant between

the core and cladding materials.
The specific requirements for maintalning single-mode propa-

gation with large size have been formulated and a convenient means has
been developed for representing these relationships on a mode chart.
The requirement is that the product of the waveguide size in wave-
lengths together with the square root of the difference in dielectric
constants be equal to some constant. For low-order modes, this prod-
uct is of the order of unity; therefore, a one-hundred wavelength
guide requires a difference of dilelectric constants of the order of
0.0001. The mode charts which have been developed for both circular
and slab configurations (Appendix A, Figs. 3, 4) graphically indicate
the number of modes which will propagate in a waveguide of any size
and difference of dielectric constants,

Expressions for the distribution of fields in the waveguide
have been determined, and curves of the transverse field distribution
of the first two lowest-order modes at typical operating conditions
have been plotted (Appendix A, Figs. 7, 8). These results show that
fields are present in both the core and cladding regions, and indicate
the percentage of power in each region at different operating conditions.

The variation of propagation constant with frequency
(dispersion) has been calculated for the slab waveguide. The results
are presented by curves relating the normalized guide wavelength and
waveguide size normalized to free-space wavelength (Appendix A, Fig. 9).
The dispersion between the first two lowest-order modes can be de-
termined from these curves for a few typical operating conditions.
Such information is required for the design of directional couplers
and certain other components.

The effects of lossy media on propagation have been in-
vestigated briefly,., For wavegulides composed of dielectric materials
only, the attenuation is approximately equal to the free space
attenuation of the core and cladding materials weighted by the ratio
of power in each region. The attenuation of a typical guide is about
3 db per meter in the visible frequency band,
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For a bisected slab waveguide having a metal wall as one
of the reflecting surfaces, the dissipation of the metal affects not
only the attenuation of individual modes, but the phase and amplitude
of the propagation constant as well. The result is a departure from
the usual imaging properties of an ideal conductor, and an alteration
of the basic modal characteristics of the bisected slab configuration.
The most significant effect of this mode alteration is that, unlike
the case for an ideal (lossless) metal, the propagation characteris-
tics for both TM and TE modes (parallel and perpendicular polariza-
tions) are identical. It is estimated that the dissipation of the
metal surface increases the attenuation to about 20 db per meter,

The excitation of the waveguide concerns the coupling of
optical power from some external source to the guide, The two
specific cases studied have been excitation of the waveguide by a
plane wave and by focused radiation. To briefly summarize these
studies, the direction, or angle of incident radiation affects the
particular mode which is excited (in a multi-mode guide) for both
plane wave and focused radiation. The lateral position of a focused
spot on the end of the waveguide primarily affects the amplitude of
the coupled signal. Formulas for the coupling efficiency for an
arbitrary focused field are presented in Appendix A. It is shown
that for optimum coupling efficiency, the field pattern of the inci-
dent signal should match the field pattern of the particular mode
to be excited in the waveguide.

An experimental investigation of the propagation character-
istics of macroscopic optical waveguides has been conducted to
confirm agreement between experimental operation and the theory
presented above, The experimental program involved the observation
of various waveguide modes and measurement of the transverse field
patterns in the waveguide. The waveguide employed for initial test-
ing was a liquid-core, solid-cladding, dielectric-slab type. This
configuration permits simple adjustment of the waveguide parameters
so that their effect on propagation can be investigated. A complete
description of the experimental waveguide and a discussion of the
experimental procedures is presented in Appendix A, Section V.

To summarize these results, the experiments demonstrated
close agreement with theory for the existence of propagating modes

11



at different operating conditions, as predicted by the mode chart.
Measured field patterns were found to agree closely with the calculated
patterns. For the bisected guide, the patterns of both polarizations
were found to be identical and therefore, in agreement with the theory
for a lossy metal.

The general conclusions derived from the initial investiga-
tion of optical waveguide are that single-mode and low-order mode
propagation can be obtained experimentally in laboratory waveguide
models, and the detailed propagation characteristics are closely
described by the theory developed.

IV, Optical Waveguide Components,

This section presents the study and experimentation directed
toward the development of components in a single-mode waveguide
medium. Emphasis has been placed on the identification and understand-
ing of the fundamental design parameters. Experimental evaluation of
several components has been performed in order to demonstrate the
feasibility of actually constructing these devices, Such demonstra-
tions have been performed with experimental waveguldes of the liquid-
solid variety in slab and rod configurations. Ultimately, it is
planned that these components will be fabricated in an all-solid
single-mode waveguide medium as 1s currently being developed
(Section V).

The components selected for study were mostly patterned
after microwave devices and chosen primarily on the basis of their
applicability to waveguide systems for optical communications and
radar. In some cases the pefformance of these waveguide-type
components is similar to that obtained with free-space-type components.
However, in other cases the waveguide components have fundamental
advantages which result from the single-mode nature of the waveguide

medium.

12



A. Directional Couplers.

Directional couplers are found in all but the simplest
optical systems. The conventional optical form of the directional
coupler 1is a half-silvered mirror in an unbounded medium, as shown
in the optical heterodyne system of Fig. 1(a), In a bounded propaga-
tion medium, such as the single-mode optical waveguide discussed in
Section III and in Appendix A, the directional coupler may take the
form of adjacent waveguides connected by coupling holes or slots as
illustrated by the schematic drawing, in Fig. 1(b), of a balanced
mixer for optical heterodyne detection,.

A directional coupler is a Jjunction of four transmission
lines with selective coupling between particular terminals (ports)
and isolation between others, TIn Fig. 2, power incident on port 1
is coupled in some ratio to ports 2 and 4 and isolated from port 3.
Similarly, power incident on port 2 is coupled to ports 1 and 3 and
decoupled from port 4., It has been shown that the impedance matching
of all four ports is a necessary and sufficient condition for obtain-
ing decoupling between the appropriate ports (Ref. 13).

In accordance with the stated objectives of this study,
wavegulde-type directional couplers for use at optical frequencies
have been analyzed and design parameters have been evaluated. During
this program, two directional coupler configurations, illustrated in
Fig. 3, have been considered. The evanescent-field coupler [Fig. 3(a)]
is formed by bringing two dielectric waveguides close so that they are
coupled by the evanescent fields in the cladding. The slot coupler
[Fig. 3(b)] is formed from two bisected, dielectric-slab waveguides
arranged about a common metal wall which contains a coupling aper-
ture in the form of a slot.

A number of techniques are avallable for analyzing coupled
waveguide systems (Refs. 5, 7, 8, 9). An analysis, common in the
microwave literature (Ref. 13), and based on the dispersion of the
modes existing in the coupling region, is particularly applicable to
the evanescent-field and slot couplers. In this analysis, it is
assumed that an input to one port of a directional coupler results
in the excitation of the lowest-order odd and even modes at the be-
ginning of the coupling region. Since the phase velocities of these

13
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" Fig. 2 - Schematic representation of a directional coupler,
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modes will be different, their relative phase will change as they
propagate through the coupling region, This relative phase shift is
referred to as modal dispersion, If one mode advances 7 radians
relative to the other, all of the power incident on port 1 will be
coupled to port 4, Similarly, 27 radians of modal dispersion will
couple all of the power to port 2, For intermediate amounts of dis-
persion, the coupling, which is defined as the ratio, in decibels,
of power coupled to port 4 to power incident at port 1, is given by:

ABLC
C = -20 log (sin —?——); (1)
where ABLC is the modal dispersion in radians, = A%, It may be seen

that 3 db coupling (equal-power split) corresponds to 7/2 radians of
modal dispersion. The principal "electrical" parameter for the
directional coupler is, therefore, the dispersion between the lowest
order even and odd modes in the coupling region. It should be noted
that the significance of the impedance matching of the ports is
recognized, However, any further theoretical sophistication seems
premature when many important practical parameters are still under
study.

The calculation of modal dispersion in the coupling region
of the evanescent-field coupler is outlined below. It should be
noted that the equality of the phase velocities of TM and TE modes ob-
served for the simple waveguide (p. 77A, Appendix A) does not
necessarily hold for the more complicated structure in the coupling
region., Therefore, the following analysis is restricted to TM modes
as an example, However, similar results may be obtained for TE modes.

To analyze the dispersion, it has been assumed that the
coupling region consists of two straight, parallel cores with separa-
tion b and length LC in a common cladding as shown in Fig. 4(a). In a
practical implementation proximity may be obtained by gently curving
the waveguides as shown in Fig. 3. This results in a perturbation of
the waveguide modes. However, if the bend radius is greater than the
minimum bend radius discussed in part B of this section, the opera-
tional behavior is basically the same as the straight section
analyzed below. It has been also assumed that the cores are bisected
by ideal image planes as shown in Fig. 4(b) since this structure is

16
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more easily analyzed than the unbisected one. Therefore, the follow-
ing analysis is exact for coupled, bisected slabs; however, it is
also a good approximation for the case of weak coupling between un-
bisected waveguides. This coupler analysis wlll follow the analytic
approach of "transverse resonance developed, for simple waveguides,
in Section III of Appendix A. As indicated there, the complete modal
solution for a waveguide structure may be found by separately obtain-
ing the solutions for the even and odd modes.

For the TM modes the characteristic equations obtained by
the method of transverse resonance are:

1l

even: p tan p g tanh g (b - 1) (5a)

(2)
odd: p tan p

d
b
q coth q (g7 - 1) (5b)

These equations may be solved graphically to obtain the p-q diagram
of Fig., 5, The transverse fields in the coupling region are also
shown in this figure. The relationship between the p-g curves and
the guide wavelength is presented in Eg. 23 of Appendix A and from
this it can be shown that the required coupling length is related to
the desired dispersion A%, and the p-gq curves by:

AB
I'C“"_B: (3)
where
2 2
2 (ag" - a,")
AB = = (4)
A/EEKOd

The value of qde and qo for a particular-operating condition are
determined by the intersection of the p-q curves with a circle of
radius Kod VB /2, In this manner, a design curve, useful for a
typical waveguide configuration, has been obtained, and is plotted

in Fig. 6 showing the coupling length for a 3 db coupler as a func-
tion of core separation. It may be seen from this curve that, with
separations of the order of the core thickness, coupling lengths are
guite reasonable; e.g., 3 db coupling may be obtained with a 10 micron

18
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separation over a 1.25 cm coupling length. It should be noted that
the theory is exact for weak coupling and that these numerical results
are only approximate for 3 db coupling.

The dispersion between modes in the coupling region of a
slot coupler may be readily determined. By inspection of Fig. 3(b)
we see that this coupling region 1s simply the usual slab configura-
tion of 2 times the core thickness of the individual waveguides. The
coupling length is again given by Eq. 3. For this coupler, it is
more appropriate to express the dispersive properties by:

2w
A

I

AB (AO - Al), (5)

where

A=% - K . (6)

Since Am is easily obtained from Fig, 9 on page 25A of Appendix A,
the coupling length as a function of waveguide parameters may be
readily plotted as in Fig. 7. Again, the coupling lengths required
are quite reasonable.

B. Bends.

Waveguide bends constitute an important class of optical
waveguide components. The use of bends is necessary in complex
waveguide circuits to obtain compact packaging of the various com-
ponents. In addition, bends serve as an intermediate step in the
fabrication of certain directional couplers as discussed in part A
of this section.

It has been demonstrated with dielectric bends at microwave
frequencies that there is a minimum allowable bend radius for dielec-
tric waveguides; the amount of bending is limited by the amount of
leakage from the bend, since such leakage contributes to transmission
loss (Ref. 8 in Appendix A). The limitations differ from those for
the metallic waveguide case, where reflections, rather than loss, are

the main problem. Various criteria for determining the minimum bend
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radius of dielectric-waveguide bends for negligible loss have been
consldered and an experimental program has been conducted.

A simple criterion for the deftermination of the minimum
bend radius 1s the critical angle requirement for total internal
reflection illustrated in Fig, 8., In this case, it 1s assumed that
modal propagation is only slightly perturbed and negligible energy
is radiated from the bend as long as the reflecting rays strike the
interface at an angle greater than the critical angle., However, when
the bend radius 1s decreased to the point where the angle of incidence
within the bend is less than the critical angle, energy begins to
leak from the waveguide and the mode becomes, effectively, a leaky
mode, The angle of incidence within the bend, Gb, is related to the

bend radius, B, and the propagation angle, 6, by:

1
Bl
sin 8, = B sin (7)

Requiring that the angle of incidence in the bend be equal to, or
less than, the critical angle (sin 8, <vEE7EI) and expressing the
result in terms of the guide wavelength in the straight section

(%/Kg = sin 0), yields:

-1
Bl>“/E2—d<%g—“/E2_> ; (8)

as the minimum bend radius for no leakage.
A more rigorous solution to this problem is obtained from

an analysis of the modes on a curved structure (Ref, 3). It can be
shown that the fields near bends are evanescent in the vicinity of
the core but become outward traveling waves at large distances from
the structure. On this basis, a reasonable criteria is to assume
that radliation 1s negligible as long as the fields at the onset of
the traveling wave region are 1l/e (-8.68 db) of their value at the
core-cladding interface. The minimum bend radius according to this

criterion 1s given by:

Bz 7 'g;(;g‘*fk_z) (9)
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8. = critical angle

Pig. 8 -~ Illustration  of critical angle criterlion for determining
minimum bend radius,

23



This expression is obviously different from that derived from the
approximate approach (Eq. 8). It is instructive to take the ratio

of the minimum bend radii and evaluate this quantity for the dominant
mode when 1t is far from cut-off and the higher order m-th mode is
Just at cut-off, This process yields the simple relation,

B = == (10)

where the mode number, m, must be large to satisfy the "far from cut-
off" requirement. The two rather different criteria lead to expres-
sions which are functionally similar, differing by a factor of 1/mm,
with the exact solution indicating a smaller bend radius for multimode
waveguides. For the case of interest, single-mode propagation, it
may be shown that Eg. 10 is approximately correct and the ratio of

the minimum bend radii differ in this case only by a factor of 1/,
This discrepancy between the two approaches does not necessarily
indicate that either apprcach is incorrect, but that they are based

on fundamentally different criteria,

In addition to the theoretical analyses described above,
the minimum bend radius has been experimentally evaluated. A 100A
wide, solid-core waveguide, 7.7 cm long, was mounted as shown in
Pig. 9 so that the bend radius was easily adjustable., The output of
the waveguide was monitored visually as a function of bend radius for
various operating conditions, obtained by varying the difference in
dielectric constants, The bend radius at which the waveguide output
became visually undetectable (corresponding to about 20 db transmis-
sion loss) 1s plotted in Fig. 10, As the other extreme, the minimum
bend radius for negligible loss, as calculated from Eq. 8 is also
plotted on this figure, Obviously, the experimental data correspond-
ing to 20 db transmission loss should correspond to greater bending
(smaller bend radii) than the minimum bend radii (negligible radia-
tion loss) calculated theoretically, However, as shown by Fig. 10,
the measured performance indicated greater sensitivity to bending
than the simple theoretical model predicted. It is significant that
the experimental and theoretical curves differ by a constant scale
factor. This indicates that the physical device exhibits the same
functional dependence as the mathematical model. Further improvement
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Fig. 9 - Experimental model of optical wavegulde bend.
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of experimental technique and additional refinement of the theory to
include such parameters as the gradient of dielectric constant caused
by bending strain is expected to resolve the discrepancy between the
theoretical and experimental data.

The above investigation indicates that optical waveguide
bends, exhibiting negligible loss, may be fabricated with bend radii
of the order of 4 meters, This 1s sufficient bending for application
to directional-coupler fabrication, but it is not sufficient to obtain
a right-angle bend within a reasonable length. To obtain larger
amounts of bending, other techniques are being considered, These
include: (1) increasing the difference in dielectric constants in
the region of the bend to obtain tighter binding of the fields, and
(2) wutilization of bisected waveguide with the metal bisection on
the outside of the bend as is done at microwave frequencies with

dielectric image lines (Ref. 6).
C. Resonators.

Resonant cavities are important components in conventional
optical systems; common examples are resonant laser cavities and
multiple-layer interference filters, Since laser cavities and
frequency filters will also be requiréd within the proposed waveguide
systems, an investigation of resonators in optical-waveguide has been
conducted. The objective of this study has been the determination
of resonator performance in terms of the waveguide design parameters,
It has been considered sufficient to restrict the analysis to simple
Fabry-Perot structures which are an integral part of the waveguide
as illustrated in Fig. 11.

The transmitted intensity of a conventional free-space
Fabry-Perot interferometer (Ref. 9 in Appendix A) is given by the
expression:

L _ 1 s (11)
i

0 1l + 4s .2
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where & is given by:

(12)

A

5 = 2T & 1.cos © s
i i

8 is the reflectivity, and 91, the angle of incidence on the resona-
tor, is an independent variable. These equations yield the familiar

"comb filter" characteristics for both angle and frequency dependence.
It can be shown that Egs. 11 and 12 apply for the dielectric
waveguide medium as well as for free-space, However, in the wave-

guide case, © the angle of incidence on the resonator is a function

L
of the wavegu;de parameters and the operating wavelength, The appli-
cation of these equations to guided propagation is, in general,
difficult. Fortunately, however, for a specific waveguide, Oi is a
function of wavelength only. Furthermore, over a typical laser
bandwidth, this angle is essentially constant with frequency.
Therefore, with cos Gi regarded as a constant of the waveguide rather
than as an independent variable, Eq. 11 and 12 may be applied
directly.

The above discussion of the waveguide resonator has been
concerned only with frequency response, It should be noted that
the term "angle characteristic" has no meaning within a single-mode
medium since the term "single-mode" implies that for a given frequency,
propagation within the waveguide is constrained to a single angle;
the only angle characteristic that may be associated with the wave-
guide resonator is the antenna reception pattern at the input to the
waveguide system [Fig. 12(a)]. Therefore, it is possible, by working
in a single-mode medium, to fabricate a Fabry-Perot resonator
whose frequency response is independent of angle and determined by
the resonator length and reflectivity in the conventional manner,

An example of the angle characteristic of a typical free-
space HFabry-Perot resonator is shown in Fig. 12(b). For comparison
the reception pattern of a 50 wavelength wide, single-mode waveguide
containing a waveguide resonator is shown in Fig. 12(a). The frequen-
cy characteristics of the resonators were chosen with a half-power
transmission width of about 80 Mc and the next order response
separated about 1800 Mc from the first order response, Such a
resonator, placed in front of a He-Ne gas laser 1 meter in length,
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could pass one of the lines in the spectral output and reject all
others which occur within the 900 Mc, Doppler-broadened width associated
with the gas laser. It can be seen from the figure that such a
frequency response results in a high degree of angle sensitivity

for the free-space resonator, whereas, a waveguide resonator with

the same frequency response has a much broader reception pattern.

It should be noted that the angular pass-bands occurring
outside of the main reception pattern of the waveguide are eliminated
only to the degree that the leaky wavegulde modes are damped.
Therefore, efficient leaky-mode damping is required for this com-
ponent.

The waveguide resonator is somewhat unique among the
wavegulde components since it is easier to fabricate in an all-solid
waveguide than in the liquid-solid experimental models presently
avallable., Since an all solid waveguide is not presently available,
a direct experimental evaluation of this component has not yet been
carried out, However, a simple experiment has been conducted to
demonstrate its unique angle independence., The experimental set-up
is shown in Fig. 13. For the purposes of this experiment, the
wavegulide resonator was simulated by placing a 7.7 cm length of
single-mode, quartz-rod, waveguide in front of a conventional Fabry-
Perot resonator. The angle response of this system, with the angle
of incidence on the wavegulde as the variable, was measured as shown
in Fig. 13(a). The waveguide was then removed so that the laser
beam was directly incident on the Fabry-Perot as shown in Fig. 13(b)
and the angle response was again determined. The results are
plotted in Fig. 14. It can be seen that the waveguide did indeed
convert the angle dependence of the resanator to the reception
pattern of the waveguide.

The obvious application of the waveguide resonator is as
a frequency filter., In this case, the design is based on Egs. 11
and 12 as discussed above.

The use of the wavegulde resonator as a laser cavity has
also been considered. It is unique for this purpose in that it is
inherently a single-mode structure; consequently, since nc leaky
modes will oscillate, all the power will occur in the lowest order
transverse mode. A typical waveguide laser might consist of
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a core of doped glass surrounded by an undoped cladding. Optical
pumping could be performed through the cladding, since it is trans-
parent, For this application, the concept of macroscopic size is
very significant. A laser fabricated in macroscopic single-mode
waveguide (a~50 microns) will have an active volume 2,500 times larger
than can be obtained by simply reducing the dimensions of a conven-
tional fiber laser (Ref. 21) to a size (~l microns) where only a
single mode oscillates,

The implementation of such a single-mode waveguilde laser
requires an extensive investigation of material parameters to deter-
mine the suitability of active laser materials for waveguide applica-
tions. However, it may be concluded that the waveguide resonator,
in general, is well understood and its application as a frequency

filter or laser cavity is considered feasible.
D. Modulators,

Modulation is essential to the useful functioning of any
information-transfer system. Therefore, a practical optical wave-
guide system must contain some provision for modulation of the out-
put signal. This section outlines the operating principles and design
criteria for several wavegulide modulators. In addition to their
application within waveguide systems, waveguide-type modulators may
find some application in more conventional optical systems, The
utility of such modulators outside of the waveguide system derives
from their potentially small volume relative to conventional modula-
tors and the attendant reduction of modulation power which is directly
proportional to the volume of the optical system (Ref. 10).

Modulation may be obtained within the waveguide medium by
varying one or more of the waveguide parameters; electro-optic,
magneto-optic, piezoelectric, mechanical, and thermal techniques are
all adaptable to some extent for this purpose. All of the convention-
al types of modulation are possible, Three modulators, all based
on the Kerr electro-optic effect have been analyzed during this study.
One of these, a pulse modulator in which the effective presence or
absence of the waveguide boundaries 1s the modulated parameter, was
selected because of its novelty and its adaptability to the present
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experimental wavegulde configuration. The other modulators, a
polarization modulator and a phase modulator, are directly analagous
to previously reported free-space modulators (Ref. 14, 15) and have
been chosen because preliminary experiments could be conducted in
the same experimental configuration as the pulse modulator.

1. Pulse modulator.

A novel type of pulse modulation may be obtained within
a waveguide system by inserting a section of waveguide which can
be turned "on" and "off" by the modulating voltage. In the case
considered, the "on" condition represents the usual gulded propaga-
tion through this section. The "off" condition is obtained by setting
the difference in dilelectric constants at zero so that no waveguilde
propagation occurs; the modulator section is then equivalent to a
free-space propagation path between the loosely coupled antennas
formed by the open-ended waveguidesas shown in Fig. 15.

The modulation region of the pulse modulator for the "off"
condition can be analyzed on the basis of coupled antenna theory
already available in the literature (Ref. 22). Representing the
waveguides at the input and output ports of the modulator by square
antennas with cosine illumination in the bounded dimension and
gaussian illumination in the unbounded dimenslon leads to a simple

expression for coupled power,

2
P(.mt = (é) g (13)

where g is the antenna spacing normalized to the "Rayleigh" range
(Ref. 22)1

Lm Lmzx
g = — = —— <l4)
Rr d2
The degree of modulation, which follows directly from
Eq. 13 has been plotted in PFlig., 16 as a function of the length of a
typical modulator section., This curve indicates that 90% modulation
may be obtained in the visible band with a modulation length of the
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order of 0.5 cm for a waveguide with a 40 A core, It should be
noted that the modulation is determined mainly by the length of the
coupling region; it is relatively independent of applied voltage, The
function of the applied voltage is only to turn the waveguide "on"
and "off"; in the idealized limit this can be done wilth an infinltesi-
mal voltage change which increases the difference in dielectric
constants either by decreasing the dilielectric constant of the clad-
ding or increasing the dielectric constant of the core.

The experimental evaluation of the pulse modulator has
been conducted in the configuration shown in Fig. 17. Thick glass
plates constitute the cladding medlum while liguid nitrobenzene
comprises the 0,025 mm core, An electric fileld is applied across
the aluminum foll electrodes which are 0.025 mm thick and spaced
0.5 mm apart. The dielectric constant of the core is set equal
to that of the cladding by adjusting the temperature of the liquid
(p. 54, Appendix A). The waveguide is turned on by applying a voltage
to the electrodes which, by means of the Kerr electro-optic effect,
raises the dielectric constant of the nitrobenzene core. The propa-
gation characteristics of such a waveguide may be obtalned with
reference to Fig. 18 in which the difference in dielectric constants,
for waves with transverse magnetic polarization (TM modes) is plotted
as a function of applied electrode voltage. A similar curve can be
plotted for TE modes. For reliable modulation, the electrode voltage
must be only high enough to achieve a difference of dielectric con-
stant significantly greater than the inhomogeneity of the waveguide
materials. There is an upper limit on modulation voltage so that
single-mode operation is maintained.

In the pulse modulator waveguide configuration there may
be an additional constraint on the propagation characteristics if
the electrodes become an optical guiding surface, To avoid this
situation, the modulator has been operated with an input beam dlameter
somewhat smaller than the electrode spacing, For this reason it is
also necessary that the modulator length be less than the Rayleigh
distance (Ref. 22) of the aperture formed by the electrodes at the
input end, or more specifilcally, that:
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where de is the electrode spacing.

The preliminary experimental program planned for this
modulator included the measurement of output intensity as a function
of applied voltage and a demonstration of pulse modulation at an
audio rate. However, the operating temperature required to reduce
the dielectric constant of the nitrobenzene (k = 2.40) to that of
the glass (k = 2.29) is beyond the capabilities of the temperature
control unit that was employed for the other waveguide experiments
during this program., Therefore, it was not possible to implement a
single-mode waveguide modulator during the present study, but an
initial evaluation has been performed. The difference in dielectric
constants of the waveguide was initially adjusted for highly multimode
operation, The third mode was excited by a laser beam incident at

the required angle and provision was made for ralsing the dielectric

constant of the core by an applied voltage. Changes in the observed
mode pattern were noted for applied voltages of the order of 100 volts
and, when 500 volts was applied, propagation switched from the third
to the second mode. This observation is consistent with theory,

since the mode number corresponding to a particular propagation angle
decreases as the difference in dielectric constants increases. This
preliminary experiment indicates that field strengths of the order

of 10 Kv/cm are sufficient to modulate the propagation characteristics.

2. Phase modulators,

Since phase modulation is often employed in communication
systems, a preliminary feasibility study of a wavegulde phase modu-
lator has also been performed., Typical values for the important
parameters have been computed, design curves have been plotted, and
a simple experimental program is outlined.

Phase modulation within the optical-waveguide system may
be obtained by modulating either the waveguide dimensions or the
dielectric constants in such a way that the phase velocity is varied,
thereby modulating the phase of the output signal., A phase modulator
configuration identical to the pulse modulator of Fig. 17 has been
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considered, For phase modulation, the difference in dielectric
constants of the wavegulde is adjusted for single-mode operation by
temperature control and the application of a DC bias. The difference
in dielectric constants is then varied electro-optically, thereby,
modulating the phase length; the dependence of relative phase length
on the difference in dielectric constants is shown in Fig. 19. It
can be seen that the phase slope is greater for the unguided case
(d/N = ), but that the waveguide case approaches the unguided situa-
tion far from cut-off, Therefore, sensitivity of the waveguide modu-
lator to the modulating voltage approaches, but does not exceed, that
of the corresponding free-space modulator, The modulation index for
phase modulation is equal to the maximum phase variation, @m, which
is related to the length of the modulation region by:

: G (16)
m

For visible He-Ne lasers and a wavegulde 50 wavelengths wide, phase
may be varied over a range of m radians by a single-mode modulator
about 1 cm long. This modulator operates equally well in TM and TE
modes and the equation given above applies to both.

A simple experimental arrangement for the observation of
this phase modulation is illustrated in Fig. 20. The experimental
setup consists of a conventional Michelson interferometer with the
wavegulde modulator in one arm. The zero-order fringe of the inter-
ference pattern goes from a maximum to a minimum for a phase change
of /2 radians in the modulator. Therefore, a photo cell and meter
monitoring this intensity can be calibrated to indicate phase change
directly. In this manner the phase modulation as a function of ap-
plied voltage may be measured.

3., Polarization Modulator.

The modulator configuration of Fig, 17 can also be employed
for the preliminary evaluation of a polarization modulator. In
this case, the waveguide is excited by a laser beam as shown in Fig.
21 so that both the TM and TE modes are excited. The dielectric
constant of the core rises, creating the desired difference in
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dielectric constants. The Kerr effect, which causes the change in
dielectric constant, results in different dielectric constants for
different polarizations (Ref., 4). For this particular orientation
of the electrodes, the difference in dielectric constants for TE
modes 1s twice that for TM modes. This gives rise to a difference
in phase veloclty between these two cross-polarized modes and polari-
zation modulation occurs in a manner exactly analagous to convention-
al Kerr-cell modulators (Ref. 1) and shutters (Ref. 4). When the
modulator section is coupled directly to free-space, the output, as
a function of voltage, will be essentially a plane wave of varying
elliptical polarization. The modulation is preserved in subsequent
waveguide sections because of the identical propagation characteris-
tics of the ™ and TE modes in the conventional waveguide.
Quantitative data on a polarization modulator may be ob-
tained from Fig. 22 where relative phase length is plotted as a
function of applied voltage for the modulator configuration of Fig.
17. The polarization of the output, as a function of the applied
voltage may be found by using this curve to compute the phase dif-
ference between TM and TE modes and then applying the conventional
theory of polarized waves (Ref, 2). For single-mode operation, the
maximum applied voltage must not exceed the operating point for the

next higher mode.
E. Detectors.

Detectors of various types are essential components in
every optical system., A large variety of optical detectors are
currently available including photomultipliers, bolometers, photo-
diodes, photoconductors, etc. In general, these devices have square-
law responses and are inherently power sensitive relying either on
the direct "counting" of photons by various processes such as the
photoelectric effect or the indirect determination of optical power
by measuring the temperature rise of an absorbing material.

Detection of the power within a waveguide system may be
accomplished by placing any of the conventional detectors at the
output of the waveguide, This has been the technique used in pre-
liminary experimental work. However, in keeping with the ultimate
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objective of a compact, rigid, all-waveguide optical system, it
is necessary to consider the fabrication of detectors within the
waveguide medium.

In general, the solid-state devices such as photodiodes
and photoconductors are more compatible with the waveguide medium
than tube-type devices, such as the microwave phototube, The choice
between photodiodes and photoconductors must be based on a detailed
analysis of their behavior and compatibility with the overall wave-
guide system. Since such a study has not yet been performed, a
definitive choice can not yet be made. However, on the basis of
preliminary studies, it does appear that bulk photoconductors (Ref. 32)
are particularly adaptable to the waveguide medium. As shown in
Fig. 23, the bulk semiconductor can be easily mated with the waveguide,

Even though the design of waveguide detectors is presently
in a preliminary stage, it is possible to conclude that such devices
can be made and that their performance within a communication system
will generally be similar to conventional devices,

During this brief study of waveguide detectors, it has
been recognized that a detector comprising a short length of single-
mode wavegulde containing a photosensitive material has a rather
unique optical property. Such a device 1s sensitive to both ampli-
tude and phase in the transverse plane; i.e., it responds to phase
variations in the plane of the waveguide aperture. This property
makes the waveguide detector valuable as an optical probe.

Conventional optical detectors, with the exception of
optical heterodyne systems, are power-sensitive devices. Such de-
vices respond to the average incident power and are, therefore,
insensitive to phase. However, a short length of single-mode wave-
guide containing a photodetector as shown in Fig. 23 performs the
phase-sensitive detection of optical frequencies. Sensitivity of
the detectors to phase variations across the aperture is the result
of the waveguide reception characteristics. For a single-mode
wavegulide, Eg. 5 from Appendix A reduces to:

+d/2 2

P, =t Jfi(x) £,(x) ax s (17)
-da/2
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where fi(x) is the amplitude distribution of the field to be sampled,
fr(x) is the aperture distribution of the wavegulde, and Pr is the
power coupled into the waveguide. Fig. 24 presents a graphical
illustration of this relationship for a typical field distribution
to be sampled. Fig. 24(a) shows this distribution to be a typical
"probability slope" function (for instance, the second mode from a
gas laser); the aperture distribution of a typical single-mode wave-
guide is shown in Fig, 24(b). The product of these curves is shown
in Fig. 24(c). Since the product has odd symmetry about the center
of the pattern, it is evident that the integral in Eg. 19 will equal
zero and, therefore, the power indicated by the waveguide detector
is identically zero. For comparison, a conventional power detector
sampling this same pattern would indicate rather than a null some
finite value, proportional to its aperture size,

The phase sensitive properties of the waveguide detector
make this device particularly sultable as a probe of optical fields
for coherence studies (Refs. 20, 29 and antenna scaling (Ref. 25),

In a practical measurement it is desirable to have a large aperture
in order to receive a large portion of the incident signal and keep
the signal-to-noise ratio of the system high. With power-sensitive
detectors there must be a design compromise between increasing the
aperture size to improve the signal-to-noise ratio and decreasing

the aperture size to improve the null resolution; the aperture of

the wavegulde detector may be increased without degrading null resolu-
tion so long as single mode propagation is maintained,

A wavegulde detector has been simulated by placing a length
of macroscopic optical wavegulde in front of a conventional phototube,
and a simple experiment has been performed to verify its operation
and compare it with the conventional power detectors. In order to
simplify the experiment, the phase-sensitive detection was achieved
by operating the waveguide in a single mode condition, while for
power detection, the same waveguide was operated in a highly multi-
mode fashion., This latter condition is equivalent to no waveguide
at all, A diffraction pattern was formed at a plane in space and
scanned with both the waveguide and the power detectors. A comparison
of the two measurements indicated that for the particular diffraction
pattern studied, the measured peak tTo minimum ratio was 14 db with
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the power detector and 21 db with the single-mode wavegulde detector,
The lower minimum signal observed wlth the waveguide i1llustrates '
the increased null resolution of the single-mode device.,

V. Fabrication Study.

A study of materials and techniques for fabrication of
macroscoplc optical waveguides 1s presented 1n this section. The
objective 1s to obtain waveguldes which are suitable for the con-
struction of various components, and are relatively stable and
insensitive to environmental conditions.

The specific requirements for implementing the waveguide
are: (l) a core dilelectric of the required dimensions and with
sufficient optical quality for single-mode operation, surrounded by
a cladding dielectric of similar gquality; (2) obtaining the required
difference of dielectric constants between core and cladding and
maintaining it over some range of environmental conditions. Silnce
the environmental factor having the greatest effect on dielectric
constant is temperature, an objective has been to utilize materials
whose dielectric constant is least sensitive to temperature, In
general, the dielectric constants of liquids change much more rapidly
with temperature than solids; therefore, the long range objective
has been construction of an all solid waveguide.

The investigation has included: (1) a survey of optical
materials which are commercially available from various manufacturers;
(2) theoretical and experimental evaluations of optical materials;
and (3) consultation with specialists in the optical field on
special materials and fabrication techniques, The results of this
investigation, together with experimental results of tests performed
on a number of different waveguide configurations, are presented
below,

A. Configurations.

A variety of different types of waveguide have been consid-
ered. Sketches of experimental configurations are shown in Fig. 14
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of Appendix A; the two basic ones are the slab and circular rod.

Each of these may be fabricated with a liquid core and solid cladding
or with a solid core and liquid cladding, The solid-core type is
considered an intermediate step in the eventual development of a
compleftely solid wavegulde; it is more difficult to fabricate than
the liquid-core type because high quality optical material is required
in a very small size (about 0.05 mm thickness). Experimental test-
ing of each of the configurations is discussed later in this section.

B. Materials,

A survey of various optical materials which may be suitable
for the wavegulide medium has been conducted. The most essential
requirement for the waveguide medium 1s the optical homogeneity,
which refers to the variation of dielectric constant throughout the
material. For proper operation, this variation must be less than
the difference in dielectric constants by some factor; for typical
waveguides, this implies a variation of less than 10_5. The other
requirements of the wavegulide material are a good optical surface
finish and relatively low loss.

The first candidate for the waveguide medium is glass.

Glass of sufficiently high optical homogeneity is generally available;
however, it is difficult to obtain such glass in small fibers or slabs
having cross-sectional dimensions of the order of 0,05 mm, Some
sufficiently thin sheets of glass, such as Corning Microsheet, are
commercially available; however, these sheets are fabricated by
drawing and fire polishing and were determined to have insufficient
homogeneity for use as a waveguide, Therefore it i1s expected that
thin slabs will have to be fabricated from high quality glass by
grinding and polishing techniques.

Quartz or fused silica is available in a variety of forms
and in varying degrees of homogeneity, depending on the manufacturing
process. Quartz rod and tubing is manufactured in small diameters
by a drawing process, Thin slabs can be fabricated from very high
quality quartz by grinding and polishing techniques., Both of these
types have been tested and results are presented later in this section,
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The many different types of plastics and the variety of
forms in which they are available make them a logical choice for the
waveguide medium. Most plastics are avallable in sheets or thin
films in thicknesses as required for the waveguide, Many of these
plastics have good optical transparency to light passing through a
thin sheet or film; however, when light is transmitted through an
appreciable length of these same plastics, a large amount of scattering
is usually observed, This is caused by scattering centers and in-
homogeneities which prohibit use as a waveguide medium. A list of
plastics tested and their observed properties is given in Table 1,
The only plastic which appears to have sufficient optical homogeneity
is methyl methacrylate (lucite, plexiglas). This plastic is not com-
mercially available in thin sheets, but it may be possible to obtain
this form by special fabrication Techniques.

C. Techniques for Control of Dielectric Constant.

One of the primary problems in fabricating macroscopilc
optical waveguide is obtaining the required difference of dielectric
constants between core and cladding; a typical value 1is 10_4. Al-
though it is possible to obtain materials whose dielectric constant
is homogeneous to an accuracy of 1 part in lO4 or better, the absolute
value of the dielectric constant cannot generally be specified to this
accuracy prior to fabrication. Therefore it is not possible to pur-
chase two pieces of glass, for example, whose dielectric constants
differ by precisely 10—4.

Consequently it is believed that the approach to obtaining
solid materials with the required difference of dielectric constants
is to start with two identical materials which were initially fabri-
cated as a single unit, and then change one of the pileces slightly
by some separate process, This processing might be used to either
change the dielectric constant of one piece relative to the other
or to change the dielectric consftant of a limited region of a single
piece. The latter technique may not result in a discrete interface
between regions of different dielectric constant, but rather a gradi-
ent between the two, The two cases are illustrated in Fig., 25. The
discrete interface corresponds to the configuration which has been
studied in detail; the gradient guide has not been studied in detaiil,
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PLASTIC OBSERVED
MYLAR Thin fillm Excessive Films have poor ————
0.02 mm to 0.2 mm| scattering surface quality.
LEXAN Thin film Excesslve Films have poor —
0.02 mm to 0.2 mm|scattering surface quality.
PLEXIGLAS Sheet Low scattering; Not available 1n Completely solid
1l mm to 20 mm homogenelty thin sheets. waveguide
S ood,
LUCITE , Sheet, £0d  |Low scattering Not available in | Solid=core or
thin sheets. completely solid
Lucite resin for waveguide
coa ng is
AV le
Table 1. Summary of optical properties of plastics.
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but the propagation characteristics are basically the same as the
discrete guide, and either type could be used as a waveguide medium
for component construction,

A number of techniques for changing the dielectric constant
of an optical medium have been considered. These can be divided
into two types: (l) those which permanently change the material so
that the effect remains after the processing is completed and
(2) those where the dielectric constant is changed only during appli-
cation of some external "force",

The first category includes techniques for chemically
treating the material such as diffusion and leaching (Ref., 31).

Only a preliminary investigation of these techniques has been per-
formed; however, first indications show that the magnitude of change
which is required is feasible, Another technique for permanently
changing a material is radiation processing with either ultraviolet

or atomic radiation. This technique appears attractive, but no

actual estimates of the magnitude of the effects which can be obtained
have been made.

The second category of techniques for controlling dielec-
tric constant includes such phenomena as application of temperature
gradients or electric fields to induce gradients of dielectric con-
stant., These techniques are not as attractive as those described
above, since the applied force must be continuous to maintain the
gradient; however, they can be implemented at the present time. The
technique of establishing a gradlent by an electric field applied
to an electro-optic material (Ref. 19) may be more useful for compon-
ent fabrication or in specific applications where it is desirable to
change the waveguide conditions during operation, This has been
done for example in the modulator discussed in Section IV,

D. Experiments,
An experimental evaluation of a variety of different wave-
guide configurations and materials has been performed, The objective

of these tests has been to investigate solid materials for their
optical quality and ability to be fabricated in sizes suitable for

56



a waveguide core, The basic criterion used in evaluating these
materials was to test for single-mode waveguide propagation., If

a particular waveguide could be made to operate in a single funda-
mental (TE-O or TM-0) mode, 1t was considered useful as a waveguide
medium. The individual experiments performed are described briefly
in the following paragraphs and results for each type of guide are
summarized in Table 2 on page 64.

As a first attempt at operating a solid-core, slab wave-
gulide, commerclially available Corning Microsheet Glass slides were
tested., A liquid cladding (chlorobenzene) was used so that the
difference in dielectric constants could be easily adjusted by
temperature control. The glass sheets were about 0.08 mm thick (120A),
fabricated of glass for which no homogeneity specifications were
available., The sheets are manufactured by a drawing process and the
surfaces then fire-polished. Experiments indicated it was not possible
to achileve single-mode operation with these sheets. As the single-
mode condition was approached, the sheet was observed to propagate
as two separate waveguldes near the glass surfaces, as shown by the
photograph and pattern in Fig. 26. The effect observed indicates
an apparent gradient in the dielectric constant of the glass which
is maximum at the outside surfaces; it is believed this is caused
by the fire polishing operation. Unfortunately, the gradient is
not expected to be uniform or predictable enough to permit use as a
dual waveguide,

Since the fire polishing process appears to induce gradients
near the surface of a glass sheet, 1t appeared necessary to employ
a grinding and polishing technique to obtain glass plates with the
required thickness and optical homogeneity. Although it is difficult
to grind and polish plates to a thickness of about 0.06 mm, it was
possible to obtain them on special order. A series of such plates
were fabricated from fused quartz by Dell Optics Co.,; quartz was
used because this company has experience in fabricating thin slabs

of this material.
The first set of slabs tested were 0.13 mm wide, too thick for

single mode operation; the large size (2OOK) requires excessively high
tolerances on homogeneity. The ligquid cladding used with the quartz-

core waveguides was Cineole, which has a dielectric constant closely
—/ 7/
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(a) photograph of aperture distribution (through microscope).
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Fig. 26 - Measured properties of Corning microsheet slab waveguide,
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matching that of the quartz. A photograph of the waveguilde aperture
distribution and the corresponding field pattern of a high order
(TE-3) mode is shown in Fig. 27. A second set of quartz slabs were
obtained with a thickness of 0,06 mm, Although 1t was possible to
achieve single-mode operation over limited regions of these slabs,
the propagation characteristics were marginal, apparently due to
small random inhomogeneities in the quartz.

Another set of slabs fabricated from a quartz with better
homogeneity (Ultrasil) was then obtained, and experimental tests
indicated good single-mode operation, A photograph of the aperture
distribution of the fundamental (TE-0) mode in this waveguide is
shown in Fig. 28(a) and the corresponding field pattern is shown in
Fig. 28(b). These slabs were considered a successful demonstration
of the feasibility of an all solid waveguide.

Waveguides have also been tested in the circular geometry.
A liquid-core circular waveguide was fabricated from quartz tubing
manufactured by General Electric, filled with the liquid, Cineole.
This tubing has an inside diameter of 0.08 mm and outside diameter
of 0.13 mm; the homogeneity was not accurately known but was believed
to be better than 1 in 103. Marginal single-mode operation was
achieved with this configuration; better performance was restricted
by the tube walls, The outside wall of the tube is located where
the field strength still has an appreciable value; therefore, the
guide is not a simple circular guide but must be considered as a
tubular waveguide., Since it was intended to restrict tests to the
simple circular and slab waveguides, no further testing of the quartz
tube waveguide was conducted.

A solid-core circular waveguide was fabricated from quartz
rod manufactured by General Electric surrounded by Cineole cladding.
The rod diameter was 0.08 mm and the homogeneity of the quartz was
the same as the tubing described previously. Good multimode opera-
tion of this guide was achieved; however, when the difference in
dielectric constants was reduced to the value required for single-
mode operation, marginal single-mode operation was obtained. Upon
further reduction in the difference of dielectric constants to
negative values, the guide was observed to propagate as a single-
mode guide limited to the center portion of the rod, This operation
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(a) photograph of aperture distribution (through microscope).
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(b) aperture distribution.

Fig. 27 - Measured mode pattern of quartz slab waveguide (TE-03 mode).
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(a) photograph of aperture distribution (through microscope).
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Fig. 28 - Measured mode pattern of Ultrasil quartz slab waveguide
(TE-O mode).
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is believed caused by a gradient 1in the dielectric constant in the
cross-section of the rod which has a maximum value at the center.

(See Fig. 25). Therefore, the rod acts as a natural waveguide with-
out the presence of the outer interface and cladding. Photographs

of the aperture distribution and radiation pattern of this guide are
shown in Fig. 29(a), (b), and measured patterns are shown in Fig. 29
(c¢), (d). It can be seen that the radiation pattern is very similar
to the aperture distribution, which indicates the pattern approximates
a gaussian distribution. (The fringes present on the far-field
pattern [Fig. 29(b)] are caused by spurious reflections and are not
part of the actual pattern. Note they are absent in the pattern in
Fig. 29(d)). Although exact calculations of the field distribution
of a gradient guide have not been made (the exact nature of the gradi-
ent would have to be known), it would be approximately gaussian;
therefore, the explanation agrees with theory. This type of gradient
waveguide appears promising for certain applications, However, since
the flelds are restricted to the center of the rod, it i1s probably
not immediately applicable to any component design which requires
coupling to the fields in the cladding region,

A summary of the experimental results for all the different
types of waveguide discussed above is presented in Table 2, 1In
conclusion, the experimental evaluation of various waveguldes has
indicated that solid-core guides can be fabricated in both slab and
circular geometries, The best approach for such fabrication is fto
start with a material having very good homogeneity and obtain the
required waveguide dimensions by optical grinding and polishing
techniques. The next step in obtaining a completely solid waveguide
is to replace the liquid cladding by a solid material. The tech-
niques for adjusting the dielectric constant of the cladding to the
required value have not been experimentally evaluated, but preliminary
studies indicate that several techniques appear feasible.
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(a) photograph of aperture (b) far-field pattern
distribution (through (direct photograph).

microscope).
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Fig. 29 - Measured properties of quartz rod waveguide.
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WAVEGUIDE PROPAGATION MATERIAL
TYPE MATERIAL CHARACTERISTIC PROPERTY APFLICATION
SLAB, Chlorobenzene core, Good single and —_—— wdveguide
LIQUID-CORE glass cladding multimode operatilon studies
SLAB, 1)Microsheet glass Multi-mode only Poor -~ -
SOLID-CORE homogeneity
2)Quartz slab(0.13 mm) |Multi-mode only Bxcessive size |~ - =
3) Quartz s1ab(0.06 mm) (Marginal single Marginal - - -
mode operation homogenelty
4)Ultrasil quartz Good single and - - General wave-
(0.06 mm) multi-mode operation gulde components
CIRCULAR, Quartz tube (GE) Complex single and Wall thickness None a rent
ILIQUID-CORE 0.08 mm ID; 0.13 mm OD {multl-mode operation | too small ppa
CIRCULAR Quartz rod (GE) Controlled multi-~- Gradient in Specific
SOLID-CORE 0.08 mm dia. mode; fixed single dielectric wavegulde
mode constant components
Table 2. Summary of experimental waveguide configurations.




VI, Conclusicns and Recommendations.

The results of a study for the development of single-mode
optical waveguide and waveguide components are presented in this
report. The theory of operation of this waveguide has been developed
and the feasibility of constructing experimental models which operate
according to the theory has been demonstrated, An analysis of optical
components constructed in wavegulde has shown that this concept pro-
vides significant advantages in performance over similar components
operating in a free-space medium,

In the analysis of propagation in optical dielectric wave-
guides, various propagation characteristics have been calculated in
detall for the macroscopic case. The requirements for maintaining
single-mode propagation with large size have been calculated; the
baslic condition is that as the waveguide size is increased, the
difference in dielectric constants between core and cladding must be
decreased. A convenient means for representing these relationships
on a mode chart has been developed. This chart indicates the number
of modes which will propagate in a waveguide of any size and difference
in dielectric constant. The distribution of fields within the wave-
gulde has been calculated in general form, and specific results
plotted for a few low-order modes at typical operating conditions.
The field patterns have been measured experimentally using a liquid-
core slab waveguide, and results are in good agreement with the cal-
culated curves. The variation of propagation constant with frequency
(dispersion) has been calculated for the slab waveguide. These dis-
rersion curves have been utilized in the theoretical analysis of
several components.

Thecoretical evaluation and experimental testing of a
bisected waveguide, with a metal wall as one of the reflecting sur-
faces has been made, Both theory and experiment show that the metal
(aluminum) wall acts as a lossy dielectric at opfical frequencies
rather than as an ideal metal. A significant consequence of this
fact i1s that the propagation characteristics of both polarizations
(and hence both TM and TE modes) are identical.

A theoretical and experimental 1nvest1gatlon of’ waveguide
excitation has been performed using conventional antenna theory. For
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plane wave excitation, the angle of incident radiation determines
the particular mode which is excited (in a multi-mode guide); this
behavior has been experimentally verified, For a focused input sig-
nal, the direction of radiation agaln determines primarily the mode
which is excited, and the size and lateral position of the focused
spot determine the efficiency of excitation. TFor maximum efficiency,
the pattern of the focused fields should match the pattern of the
mode to be excited.

The theory and experiments described above have shown
sufficiently good agreement to verify that macroscopic optical wave-
guides can be fabricated in laboratory configurations which operate
as the theory predicts,.

A design and performance analaysis of various components
constructed within the wavegulide medium has been performed and
experimental testing of some of these components has been made, The
components which have received the greatest consideration are
directional couplers, bends, filters, modulators and detectors.

In the study of waveguide directional couplers, an analysis
of several configurations has been performed. The basic design prob-
lem is to relate the amount of coupling to the wavegulde parameters.
For a slot coupler consisting of two bisected waveguides separated
by a thin metal wall with a slot, half-power coupling is obtained
with a slot length of the order of one centimeter, For an evanescent-
field coupler consisting of two waveguldes separated by a distance
of the order of ocne core width, half-power coupling is obtainecd for
a coupling length of a few centimeters. Both types of couplers give
practical sizes for construction,

In the study of bends, the maximum amount of curvature for
which a guide will propagate with low attenuation has been determined.
The basic relationship is that as the difference in dielectric con-
stants 1s decreased, the radius of curvature of the bend must be
increased. For a typical waveguide, the minimum radius is about 3
meters. Consequently, small amounts of bending such as are required
for certain components are feasible by simply curving the waveguide;
sharper bends will require a metal reflecting surface fabricated into
the waveguide, Experimental testing of waveguide bends has indicated
the same functlonal relationship between radius of curvature and
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difference of dielectric constants as the theory; however, the amount
of bending which could be obtained in these experiments was less
than the theory predicted.

The properties of resonators or interference filters (such
as Fabry—Perot) fabricated within the waveguide medium have been
analyzed. Such resonators are useful as freguency fllters and in
the construction of laser oscillators., Construction in the waveguide
provides a significant advantage over the free-space filters in that
the interdependence between the angular and frequency responses (and
hence ambiguity between spatial and frequency filtering) inherent in
the free-space type is removed. The frequency characteristic of the
wavegulde filter is equal to that of the free-space filter operated
at a fixed angle of incidence; the angular characteristic is deter-
mined by the radiation pattern of the waveguide., Therefore the
frequency and angular characteristics can be independently controlled.
The behavior described above has been experimentally verified by
operating a free-space Fabry-Perot filter in tandem with a single-
mode waveguide.

A number of different types of waveguide modulators utiliz-
ing the electro-optic and magneto-optic effects have been considered.
In general, any of the common types of free-space modulators can be
operated in the waveguide medium. In many cases, the volume of the
modulating region can be made smaller iﬁ the waveguilde case, and thus
reduce the required modulator power or increase the modulation band-
width., In addition to the usual techniques for obtaining amplitude,
polarization, frequency and phase modulation, a type of pulse-amplitude
modulation has been developed which is inherently dependent on the
waveguide medium, This modulator operates by electro-optically
switching the waveguide from a propagating to a non-propagating
condition., This type of modulator has the characteristic that the
degree of modulation is essSentially dependent on the length of the
modulator as opposed to the amount of the modulation voltage; this
permits close to 100% modulation with very low voltages.

Construction of common optical detectors within the wave-
guide medium has been investigated briefly. The waveguilde medium
provides increased compactness and stability in many cases. A signi-
ficant difference between detectors constructed in the waveguide and
in free space, is that whereas conventional optical detectors are
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sensitive to only the average power in a signal, the waveguide detec-
tor is sensitive to the transverse distribution of amplitude and
phase, This sensitivity to the spatial phase of a signal increases
the accuracy of certain specialized measurements such as the depth
and location of minima in an interference pattern,

In concluding the analysis of waveguide components, it is
expected that most conventional optical components can be constructed
in the waveguide medium, In some cases, the performance is equiva-
lent to that obtained in free-space types and in other cases the
waveguide components have fundamental advantages which result direct-
ly from the waveguide medium,

In order to develop waveguides which are adaptable to
component construction and practical for actual application in laser
systems, a study of waveguide fabrication has been performed. The
basic problem in fabrication 1s that of obtaining the small differ-
ence of dielectric constants between core and cladding with a core
of the required size., The investigation of materials and techniques
has been directed to the eventual development of an all-solid
waveguide,

Preliminary to the development of the all-solid waveguide,
a number of solid materials have been tested as waveguide cores.
Solid-core guides have been successfully operated in both the circu-
lar and slab configurations. Apparently, the most promising fabri-
cation technique is to grind and polish high quality glass or quartz
to the required size, Polished glass or quartz slabs with a thick-
ness of 0.06 mm are difficult to fabricate, but have been obtained
on special order,

The final step to achieve a completely solid waveguide is
to replace the liquid cladding by a solld material. It is not ex-
pected that solid materials can be fabricated with the dielectric
constant pre-specified to the necessary degree of precision. There-
fore, the cladding material will presumably be made by starting with
material identical to the core and then changing the dielectric
constant slightly. Techniques for doing this, such as chemical
diffusion and leaching, and radiation processing appear feasible.

It is believed the eventual development of a completely solid
macroscopic optical waveguide is feasible and its development will
proceed using the techniques described,
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On the basis of the study program presented in this report,
it 1s recommended that the development of macroscopic optical wave-
guide and wavegulde components be continued, In particular, effort
is recommended, as follows.

In order to construct operating waveguides which are
relatively Insensitive to environmental conditions, it is believed
that completely solid waveguldes are required. Therefore, it is
recommended that the study of mafterials and fabrication techniques
for development of solid waveguides and the study of techniques for
control of dielectric constant be continued.

The analysis of waveguide components has indicated that
in some cases significant advantages can be obtained by utilization
of the waveguide medium. Therefore, further development of the
components already studied including fabrication and experimental
evaluation, as well as an investigation of additional conventional
or non-conventional optical components is recommended.

In addition to the specific areas of study, it 1s recom-
mended that the application of macroscopic waveguide and waveguide
components to laser systems be studied.
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Summary

Many applications in the fields of radar, communications,
measurements, etc. have been proposed for coherent laser radiation,
One approach to the design of systems for these applications is the
utilization of conventional optical components; an alternative ap-
proach, which is being studied at Wheeler Laboratories, is the
development of new optical components patterned after microwave
devices. The initial step In the design of microwave-analagous
components is the development of a single-mode optical waveguide
large enough to permit component fabrication, Single-mode operation
is required to prevent signal distortion due to modal dispersion.

A dielectric waveguide for this purpose has been studied
and its feasibility has been demonstrated at optical frequencies,
The waveguide dimenslons are macroscopic in the sense that they are
visible to the naked eye, It has been shown that a single-mode
waveguide may be as large as 100 wavelengths with stringent but
ffeasible tolerances on dielectric constant and surface quality.
Single-mode and controlled multimode operation have been correlated
with theory. In addition, a survey of materials and fabrication
techniques has been made., One possible approach utilizes chemical
diffusion techniques to obtain the needed control of dielectric
constant.
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I. Introduction,

A laser system is generally composed of a laser oscillator
and a collection of conventional optical components, such as lenses,
prisms, beam splitters, etc, It has been recognized at Wheeler
Laboratories that there is an alternate approach to the design of
such systems. This approach 1s based on the realization that many
of the proposed laser applications, particularly in the fields of
communication and tracking, are analagous to currently existing
microwave systems. This realization suggests the possibility of
utilizing microwave-type components in the optical frequency range.
Under the sponsorship of the National Aeronautics and Space Adminis-
tration, Wheeler Laboratories 1is currently studying the feasibility
of such an approach, This study involves (l) the development of a
waveguide medium in which microwave-type components may be fabricated,
(2) an evaluation of various component configurations, and (3) the
fabrication of one or more microwave-type components to demonstrate
the feasibility of this approach. This report covers the first phase
of the study concerned with the development of the waveguide medium;
a final report covering the development of components will be pre-
pared upon completion of this study.

Microwave components are generally designed within a
single-mode or controlled multimode medium. This apprcach has
definite advantages over the unbounded character of conventional
optical components, ZFor instance, the power within a single-mode
medium is constrained to propagate at only one set of angles deter-
mined by the waveguide dimensions and the frequency of the signal.
Therefore, variations in the angle of incidence of the radiation at
the input to the system affect only the excitation efficiency and not
the character of the propagating mode. In an unbounded medium there
is no such angular restriction and a variation in the angle of in-
cidence at the system input many result in a variation of the proper-
ties of each individflal component. An additional advantage of single-
mode operation is that signal distortion caused by modal dispersion
is prevented. In general, microwave components have well-defined
phase characteristics. They are also angle insensitive and inherent-
ly more compact and stable than conventional optical components.
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In order to duplicate the properties of microwave compon-
ents the optical waveguide medium should operate in a single-mode
or controlled multimode condition. It should also be macroscopic in
size for ease of handling, feasibility of component fabrication and
high-power capability. Wavegulide operation at optical frequencies
has been demonstrated in dielectric fibers (Refs. 13 and 16). How-
ever, conventicnal dielectric fibers with diamefers of the order of
100 wavelengths are known to support many propagating modes. In
cases where single mode operation was observed, 1t was necessary to
reduce fiber diameters to the order of one wavelength.

Dielectric waveguide consists of a core material of high
dielectric constant embedded in a cladding material with a lower
dielectric constant. It may be shown that the maximum cross-
sectional dimension for single-mode operation is inversely proportion-
al to the square root of the difference between the dielectric
constants of the core and cladding. This principle has been employed
to obtain single-mode operation with cross-sectional dimensions
exceeding 100 wavelengths. This waveguide exhibits an attenuation
of several db/meter which makes it suitable for lengths of a few
centimeters containing several components. The design and fabrica-
tlon of such a waveguide 1s the topic of this Report.

The theoretical and experimental steps involved in the
waveguide development are outlined herein. Section III presents the
theory of optical dielectric wavegulde and pertinent design data.
Material considerations and fabrication techniques are summarized in
Section IV, The experimental evaluation of the waveguide 1s outlined
in Section V and results are reviewed in Section VI. The appendix
contains an illusftration of the theory of transverse resonance — a
commonly used microwave technique which has proved invaluable in
this study.

TA
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Symbols and Definitions,
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= rectangular ccordinates. 2z is direction of propagation;

X, y are transverse dimensions,
radial dimension of circular waveguide,

= total width of core of slab waveguide,.
= diameter of core of circular waveguide,
= diameter of waveguide field,

total width of waveguide field.

width of focused incident field at half-amplitude points.
width of waveguide field at half-amplitude points,.
area of waveguide field,

height of waveguide in y direction,

region of integration at waveguide aperture.
parameter indicative of width of gaussian curve,
total power received in waveguide.

total power incident on waveguide.

amplitude function of field incident on waveguide,
amplitude function of waveguide field.

power density of wave incident on waveguide.
aperture efficiency = ratio of power incident on
aperture to that received.

angle of plane wave in waveguide,

= critical angle for total internal reflection.

angle of incident radiation in air.

angle of incident radiation in waveguide medium.
dielectric constant.

dielectric constant in core.

dielectric constant in cladding.

kl - k2.

= permittivity of free space.

wavelength in free space,

wavelength in waveguilde.

free space propagation constant (Zw/x),
longitudinal propagation constant (Zr/xg).

= transverse propagation constant in core,

transverse propagation constant in cladding.

= propagation parameter in core (Kld/z),
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propagation parameter in cladding ([Kzld/z).

= impedance,

= transverse wave impedance in core,

= transverse wave lmpedance in cladding.
= longitudinal wave impedance.

amplitude factor which determines absolute field strength.
Integer.

= mode number,
= solutions of J_ (umn) = 0.

density of molecules,

= polarizabllity.

charge on electron.

= mass of electron.

oscillator strength,
resonant frequency.
damping term of guantum transition.

9A



ITT. Optical Dielectric Waveguide Theory.

The theory of operation of dlelectric waveguides is well-
established and has received conslderable treatment in the literature.
Such waveguides have been treated for the microwave region in
Refs. 11, 14, where the waveguide dimensions are generally of the
order of a wavelength and tThe ratio of dielectric constants of the
inner and outer regions is two or three to one., These microwave
guides are usually constrained to a single mode of propagation,

Dielectric waveguides suitable for operation at optical
frequencles have been treated in Refs. 5, 13, 16, 17. In some of
these cases the difference in relative dielectric constants (Ak)
between the inner (core) and outer (cladding) regions is large, and
the wavegulde size is many wavelengths, as is the case for many
dielectric fibers employed in fiber optics applications. Therefore,
these guldes are highly multimode and the characteristics can
generally be determined by a geometric optics analysis (Ref. 13). 1In
other cases, the Ak has been reduced to about 0.01 by using a glass
cladding with dilelectric constant close to that of the glass core.
However, even though the Ak is small, these waveguides still operate
multimode unless the guide size 1s reduced to about one wavelength
(Ref. 18).

The optical waveguide discussed in this report has dimen-
sions large with respect to the wavelength, but operates with a very
small Ak (0.0001). Under these conditions the guide can be con-
strained to operate in only a single mode or a few controlled low
order modes, thus combining the advantages of large size with single

mode propagation.
In the first part of this Section the properties of

dielectric waveguide modes are discussed and a few of the structures
capable of propagating such modes at optical frequencies are
indicated. Then the conditions for obtaining single mode propagation
with structures having large (macroscopic) dimensions are indicated.
Various propagation characteristics of this "macroscopic" single mode
guide are presented and finally the excitation and radiation

properties of the guide are dilscussed.
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In the more familiar case of metal waveguides, such as those
used at microwave frequencies, the wave is guided along the structure
by multiple reflections at the metal boundaries. For dilelectric
guides, the wave may also be guided by multiple reflections from the
dielectric interfaces by the process of total internal reflection.

The partlcular configuration of the guide may take on many forms;

the primary requlirement 1s that the dielectric constant of the inner
medium (core) be greater than the outer medium (cladding), so that
total internal reflection may occur. Twoc common conflgurations of
dielectric waveguides are shown in Fig. 1. The slab configuration
(Fig. 1(a)) is an unbounded structure on two sides and hence is
limited to controlled-mode propagation in only one transverse
direction. However it is very useful experimentally because of 1ts
simplicity, both of analysis and of construction, The dielectric rod
waveguide shown in Fig. 1(b) is limited to controlled mode propagation
in both transverse planes and hence can be true single mode.

A simple concept of propagation along these structures can
be obtained by considering rays reflecting back and forth along the
gulde, as illustrated in Fig. 2, for the slab configuration. The
propagating modes correspond to rays which are totally reflected at
the dielectric interfaces and therefore travel down the gulde without
loss, as in Fig. Z(a). Only certain dilscrete angles of propagation
are permltted, corresponding to angles which satisfy all the field
conditions at the boundaries of the structure. The waveguide param-
eters can be chosen so that only one such angle will propagate; this
is a single (fundamental) mode gulde. In a single mode transmission
medium, energy may propagate with only one stable field configuration.
This means the field patterns in any cross-sectional plane of the
transmission line are identical in shape. In guides capable of
supporting a few modes, there are a few different field configurations
which also may satisfy the conditions for propagation.

There 1is another class of modes called "leaky" modes which
correspond to rays which are incident on the dielectric interfaces
at an angle of incidence less than the critical angle and hence are
not totally reflected. In this case, illustrated in Fig. Z(b), the
energy traveling down the guilde 1s strongly attenuated because power
is lost at each reflection. The angles of propagation permitted in

11A
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(a) Propagating TM mode.

(v) "Leaky" TM mode (not propagating) .

Fig. 2 - Propagation in a dielectric slab wavegulde.
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the waveguide are discrete for the leaky waves also; however, it is
not possible to limit the number of leaky modes for a gilven size
structure.

A more rigorous and complete analysis of propagation in
dielectric waveguides is required to obtain the detailed propagation
characteristics. These analyses have been presented in the literature
in general terms using both field matching techniques (Ref. 5) and
waveguide techniques (Ref. 14). In order to gain further insight into
the characteristics of these waveguildes,a complete analysis has been
performed in the present study, using the transmission line approach
known as "transverse resonance". The transverse resonance analysis
(Ref. 6) seeks resonant conditions in the transverse plane as a
criterion for propagation in the longitudinal direction. From this
analysis, the propagation constants, field distributions, etc., can
be determined. The basic details of the analysis are given in
Appendix I, which presents a complete analysis for the slab configura-
tion; the significant results are given in the remaining parts of this
Section.

As shown in the Appendix, the properties of any dielectric
waveguide can be determined from two pairs of characteristic
equations. FEach pair of equations corresponds to the transverse
electric (TE) and transverse magnetic (TM) modes. The TM and TE modes
are orthogonal, since they are linearly polarized in mutually
perpendicular directions. In the special case of waveguides with very
small differences in dielectric constants between the core and clad-
ding, the propagation characteristics are degenerate and apply
equally well to TE and TM modes, so that only one pair of equations
need be specified. The two characteristic equations for the slab
waveguide with small Ak are:

p tan(p - ) = q (1)

and

o+ a® = k5L (k) - k) (2)

14A



where p and q are parameters related to the transverse propagation
constants in the core and cladding regions respectively, KO is the
free space propagation constant (2m/A), d is the core width and k, and
k2 are the dlelectric constants of the core and cladding respectively.
These symbols are also defined in Section II. The conditions for
wavegulde propagation correspond to values of p and g which simultan-
eously satisfy the above equations., Since equation (1) is transcen-
dental, the solutions are obtained by graphical techniques., The two
equations are plotted on p vs. q coordinates in Appendix I; solutions
of the two equations occur where the two curves intersect.

The condition for the waveguide to support propagation in a
particular mode can therefore be readily determined from these
characteristic curves. In order for a TM-m or TE-m mode to propagate,
the following condition must be satisfied:

d m
KA/Ak = 5, (3)

where m = 0, 1, 2, ... and Ak = kl - kz. For the above condition, all
modes of order m or lower will propagate. If (d/A)J/Bkis less than m/2
the modes of order m and higher are leaky. This equation therefore
defines a waveguide cutoff condition, where cutoff 1s defined as the
transition point between propagating and leaky (or cutoff) modes.

A convenient method of representing these relationships is by means of
a mode chart (Ref. 19). This chart, shown in Fig. 3 has Ak plotted
vs. d/A. On these coordinates are drawn constant-m contours which
graphically represent equation (3). These contours form the cutoff
lines of the individual modes. A particular set of waveguide
parameters (Ak and d/A) define an operating point on the chart. For
an operating point to the right of a given mode line m, all of the TM
and TE modes of order m and lower will propagate. If the operating
point is to the left of a given mode line m, the modes of order m or
greater are leaky.

The number of propagating TM or TE modes in a given guide is
one more than the mode number of the highest propagating mode, since
m = 0 is the first mode. For the above condition there are actually
2(m + 1) propagating modes, since there are both T™ and TE modes for
each m. However, since these have identical propagation

15A
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characteristics and since one or the other can be selected by choosing
the appropriate polarization, the number of modes will be consildered
as m + 1 rather than 2(m +1). If the aperture fleld pattern in the
wavegulide were observed, the maximum number of lines (corresponding to
peaks of the field pattern) which would be seen 1s also equal to

m+ 1. This fact is discussed further in connection with the experl-
mental work presented in Section V.

In order to construct a single mode guide, the parameters
must be chosen so that operation 1s restricted to the regilon to the
left of the m = 1 line; this 1is the region marked TM-0, TE-O on the
chart. Such a guide is called single mode because although it
supports both the TM-0 and TE-O modes, these modes are degenerate for
small Ak as mentioned previously. Also, since the modes are
orthogonally polarized, one or the other can be selectively excited by
choosing the appropriate polarizatilon.

The characteristic equations and mode chart presented
above have been derived for dielectric wavegulde of the slab configura-
tion. A similar set of equations can be derived for the case of a
circular geometry. Although the details of the analysis differ, the
general approach 1s identical to the slab configuration and so 1s not
presented in this Report. The characteristics of circular waveguldes
have been treated in Refs. 5, 15, 17, and only the results are
presented here.

A set of characteristic equations similar to equations (1)
and (2) can be obtained for the circular guide and plotted on p vs. q
coordinates as before. The corresponding mode cutoff relation for the
special case of small Ak is

W
D o> —om (4)
The parameter, M ? is a number obtained from the roots of the Bessel

function (Ref. 17) whose value depends on the particular mode. (The
mode notation follows that in this Reference.) A listing of the
values of Hm for several low order modes 1s given on the mode chart
for the circular dielectric waveguides shown in Fig. 4. This chart is
analogous to the mode chart for slab waveguide (Fig. 3); as in the
case of the slab configuration, the lowest order mode (HE-11) has no
low frequency cutoff.
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The distribution of the electric and magnetic fields wilithin
the waveguide, and the directions of the fileld lines has been deter-
mined for the slab gulde, from the analysis in Appendix I.

The directions of the field lines of the TM-0 mode in slab
waveguide are shown in Fig. 5(a); a sketch of the amplitude distribu-~
tion of the transverse fields is shown in Fig. 5(b). Field patterns
of the TM-1 mode are shown in Fig. 6. The patterns of the corres-
ponding transverse electric (TE) modes may be obtained by interchang-
ing the electric and magnetlic field lines in these figures. It can
be seen that the fields extend across the dielectric interface into
the cladding region so that energy propagates in both the core and
cladding regions. This result is not apparent from the simple
analysis with reflecting rays mentioned earlier. Figs. 5 and 6 are
intended to give a qualitatlive description of the fields, applicable
to most operating conditions, rather than an accurate quantitative
plcture for a particular operating point.

A more accurate quantitative plot of the distribution of the
transverse fields of the two lowest arder modes of propagation is
shown in Fig. 7, for a few different operating conditions. In all
cases, the fleld distributions vary sinusoidally in the core region
and exponentially in the cladding. The amplitude of the fields at the
edge of the core depends on the operating conditions; the field
strength at the edge increases as the mode becomes closer to cutoff,
At the cutoff condition, the fields extend indefinitely into the
cladding; consequently such a mode would require infinite energy to
exclte and is not useful. A typical operating point has been chosen
as a condition where only the desgsired number of modes may propagate,
and the highest mode is about 10 percent away from cutoff of the next
higher mode on the p vs. q curves. The graphical determination of the
operating points are shown in Appendix I and indicated on the plots in
Pig, 7.

It can be seen from the field patterns of Fig., 5 for
the TM-O0 mode, that the electric field direction is normal to the
waveguilde surfaces at a plane through the center of the guide.
Consequently a metal bisecting wall could be placed at this plane
without affecting propagation. Similarly, for the TE-O mode, a
magnetic bisecting wall (open circuit) could be placed in the
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center of the guide without affecting propagation. It is shown in
the Appendix that a metal bisected waveguide propagates half of all
the possible modes of a full width guide, and a magnetic bisected
waveguide propagates the other half, _

The field distribution in cylindrical dielectric waveguide
can be calculated in a similar manner as for the slab (Ref. 5, 15).

In this case, the fields in the core region are given by Bessel
functions and in the c¢ladding by Hankel functions. A sketch of the
field lines of the fundamental (HE-11) mode in cylindrical guide is
shown in Fig, 8(a). The field lines in the cladding have not been
shown since thls simplifles the picture, and as a practical matter,
the field intensity is very low in the cladding for most operating
conditions. It can be seen that the field lines in the core are
parallel, and hence this mode is linearly polarized. Most of the
higher order modes are not so simply polarized and hence not as
adaptable to simple excitation techniques.

The distribution of the transverse fields in the cylindrical
guide is shown 1in Fig. 8(b). This pattern is for the HE-11 mode,
operating about 10% below the cutoff of the second mode.

Another important property of any wavegulde is the variation
of the propagation constant with frequency. This property, commonly
called dispersion is calculated for the slab waveguide in Appendix I.
A convenient method for presenting the dispersion properties of this
type of waveguide 1s to plot normalized guide wavelength (X/% ) vs.
waveguide size normalized to free space wavelength (d/A). A plot of
the dispersion properties of the first and second modes is given in
Fig. 9, for three different operating conditions. From these curves,
the difference in guilde wavelength between modes can be determined for
any wavegulde operating with a given Ak, guide size and frequency. It
is interesting to note the limits of the guide wavelength for this
type of waveguide. When operating far from cutoff, the guide wave-
length approaches the wavelength of an unguided plane wave in the core
region (K/JEI); when operating near cutoff, the guide wavelength
approaches that of a plane wave in the cladding (%/JEE). Therefore
for the waveguide under consideration, where the difference in dielec-
tric constants between core and cladding is very small, the maximum
dispersion between modes is also very small. The dispersion is
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sufficiently large to permit construction of directional couplers
which rely on dispersion between modes however, and in fact corres-
ponds to coupling regions which are of convenient (macroscopic) size
(about 1/2 inch).

All the previous calculations of propagation characteristics
have assumed lossless media for both the dielectric materials and the
metal bisecting walls (in the case of biéected waveguide). Under
these conditions, there is zero attenuation for the propagating modes;
the leaky modes are of course highly attenuated in the direction of
propagation.

The effects of lossy propagation media on propagation have
been investigated briefly. For a waveguide composed of dielectric
materials only (core and cladding) the waveguide attenuation is very
nearly equal to the attenuation of an unguided plane wave through the
same medium. If the losses of the core and cladding regions differ,
the resultant attenuation of the waveguide is equal to the sum of the
unguided attenuation in each medium multiplied by the percentage of
the total power in the respective region (Ref. 8). For normal opera-
tion, most of the power 1s concentrated in the core region and so if
the losses of the two regions are of the same magnitude, the attenua-
tion 1s determined almost entirely by the loss of the core medium,.
Data on typical values of loss for some of the materials being con-
sidered for waveguide construction are given in the next Section on
materials and fabrication. The attenuation of the experimental wave-
guide presently being tested is about 3 db per meter,

The attenuation of a bisected waveguide configuration is
caused by the loss of the dielecfric medium and the bisecting wall.
The loss caused by the dielecfric medium 1is the same as for the
ordinary waveguide discussed above., The loss caused by the bisecting
wall 1s more complex because it may not only introduce attenuation,
but can also affect the phase of the propagation constant,

A simple analysis of the affect of the lossy wall can be
performed if 1t is assumed that the loss contributes only a small
perturbation on the real propagation constant. The distribution of
the fields in the bisected waveguide is then identical to the
distribution in one half of a normal guide operating in the same mode.
A simple method of calculating the loss then, 1s to consider the wave-
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guide propagation as comprising two plane waves reflecting back and
forth down the guide. The reflectance of the metal wall is less than
100% however, and so some power 1s absorbed at each reflection. The
attenuation is therefore equal to the number of reflections per unit
length multiplied by the power lost at each reflection. The reflec-
tance, and hence the attenuation, is different for the two polariza-
tions, and varies as a function of the angle of incidence. Therefore,
the attenuation of the TM and TE sets of modes should be different.
This simplified approach to the attenuation of the bisected guilde
predicts small attenuation for the TE modes and very large attenuation
for the T™ modes, at normal operating conditions.

However, a more detailed analysis of the propagation
characteristics of a waveguide with a lossy-metal bisecting wall
indicates that the propagation constant is affected strongly by the
wall and so the simple analysis presented above is not adequate. The
essential difference between the behavior of a perfectly conducting
metal and a finite conducting metal occurs at angles of 1ncidence near
grazing (as is the case for the waveguilde being considered). Here
the lossy metal acts as a lossy dlelectric, and consequently exhibits
a Brewster angle effect, which changes the phase of the reflected
wave, relative to that obtained with a perfect metal. The phase of
the reflected wave 1is therefore the same for both polarizations, and
as a result both TM and TE modes propagate in an almost identical
manner. This phenomenon will be investigated further in this job;
however, preliminary experimental results, presented in Section V,
indicate that the propagation characteristics of both TM and TE modes
are identical, as this theory predicts.

The problem of exciting the waveguide, treated here,
concerns the coupling of optical power from some external source to
the operating mode of the waveguide. The excitation characteristics
of interest are the efflcilency of excitation, the relative coupling
for each mode of operation, and the dependence of coupling on angle
of incidence. Usually, the external source is elither far removed so
that there is a uniform plane wave incident on the aperture, cr the
source is nearby so that there may be a sharply focused field on the
aperture, The definition of efficiency depends on which case is belng
considered.
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For the case of plane waves incident on a waveguide
aperture, it is convenient to first select an aperture area and then
consider the amount of power incident on that area. This power 1s
equal to the power density, in watts per unit area, multiplied by the
area. To determine the coupling of the incident power to the
aperture, an efficiency factor is defined, which is the ratio of the
power coupled (or received) to the power incident within the aperture
area. Therefore, the power received is (assuming impedance matching):

Pr = pA71a
where p = incildent power density (watts/unit area), A = aperture area
and 7la = aperture efficiency. The aperture area is defined so as to

include the filelds developed by the mode under consideration as shown
in Fig. 10. The aperture efficiency herein defined is called the
"gain factor" in microwave antenna theory (Refs. 3, 18). The aperture
efficiency shown in Fig. 10 for the slab wavegulde is for a unit
height, so the area of the aperture must be multiplied by the height
‘of the gulde under consideration,

The effect of angle of incidence on the ccupling may also be
computed from antenna pattern theory. In Fig. 11 are shown the
normalized aperture distributions (waveguide field distribution) and
the corresponding radiation patterns for several low order modes,
which could be developed in rectangular metal waveguide (Refs. 3, 7).
It should be noted that the particular distributilons also apply to
the dielectric slab waveguides when all the modes are "far from
cutoff". This means that the guide will support additional higher
modes besides those shown. It is observed that the higher modes have
peak responses at angles far from the waveguide axis, and that these
modes are therefore excited strongest by incident fields from off-
axils directions. The relative excitation of each of these modes is
illustrated in Fig. 12. In this case the aperture width is the core
width (field amplitudes are very small in the cladding). The peak
amplitudes shown are the aperture efficlencies, expressed as a
voltage ratio (JZ—). A plane wave incident at the angle ®, as shown
will excite the first, second and third modes in the voltage ratio
0.24, 0.74, 0.51 respectively.
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Fig., 10 - Coupling to waveguide with plane wave,
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For the case of external fields focused on the waveguide,
not only is the width of the aperture significant, but also the width
of the incident excitation. The coupling of power into the waveguide
mode from the incident field depends on the similarity of the shapes
of the incident and waveguide fields (Refs. 12, 20). When the fields
have the same shapes, all the power of the incident field is coupled
(assuming impedance matching). When the fields have different shapes,
not all the power is coupled. The ratio of the power received to

that incident is,

2

P
r

Fi [ rfr [ £ aR
R R

j £y f. dR
R

(5)

where fi and fr are the distribution functions of the incident and
waveguide fields and R i1s the aperture region. This formula may be
evaluated in simple terms if the incident and waveguide fields are
approximated by Gaussian shapes (exp - ax%; the results are summarized
in Fig. 13. For the case of the slab waveguide, the coupled power
applies to the coupling per unit height. If the incident field
varies along the height dimension, each section along the height may
be considered separately. PFor example, 1f the incident field is a
circularly symmetric Gaussian and the widths of the incident and
wavegulde fields are the same, all the power may be coupled. However,
the fileld in the waveguide 1in the height dimensions will then have

the Gaussian shape. For circular fields and circular guides, the
coupling applies to the total power.

For other angles of incidence and displacements of the
fields, equation (5) may be applied, but evaluation is complex and 1is
not carried out here. Qualitative considerations indicate that
lateral displacement of the incident field will primarily affect the
amplitude of the coupled signal, while changes of the angle will

excite different higher modes, as in the case of plane waves incident.
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IV. Waveguide Fabrication,

The ultimate objective of this optical waveguide study is
the development of a medium in which practical optical components
may be fabricated. In order to achieve this goal it is necessary to
evaluate waveguide configurations and materials with respect to
fabrication feasiblility and practicality as well as propagation

characteristics.
A, Configurations and Techniques,

Fabrication feasibility has been considered for two classes
of waveguide models — (l) experimental models intended primarily
for laboratory analysis of waveguide characteristics and (2) prototype
models, with performance stable over a wide environmental range,
to demonstrate practicality. The desired characteristics for these
two classes are indicated in Table I.

Several experimental waveguide configurations are shown
in Fig. 14 and thelr general characteristics are outlined in Table II.
In all of these configurations either the waveguide core or cladding
is a liquid. Such an arrangement eliminates the necesgity for mating
glass surfaces, reducing fabrication time and cost. Also, the
temperature dependence of the dielectric constant of the liquid
provides a convenient control of the difference in dielectric constant
(Ak). However, this same temperature sensitivity will probably
preclude its use as a prototype waveguide.

The box assembly shown in Fig., 15 has been used for most
of the initial testing. The waveguilde structure consists of two
optically flat plates, 77 mm long, of Schlieren quality, borosilicate
crown glass (k = 2.2952), suspended in chlorobenzene. The chloro-
benzene 1n the gap between the plates serves as the waveguide core
with the glass plates as the cladding. This construction permits
easy adjustment of core size. The temperature of the waveguide is
controlled to .OSOC by a temperature-regulated, water-circulation
system connected to the bottom c¢f the box. Experimental data taken
with this configuration is reported in Section V.
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EXPERIMENTAL WAVEGUIDE MODELS

PROTOTYPE WAVEGUIDE MODELS

INTENDED USE:

(1) Experimental verification of
propagation constants and
field configurations.

(2) Medium for initial testing of
component configurations.

(3) Iaboratory operation only,

DESIRED CHARACTERISTICS:

(1) Ease of parameter adjustment.

(2) Tight control of all parameters
to avoid ambiguity.

(3) Adaptable to component
feasibility studies.

INTENDED USE:

Demonstrate practicality of
component construction.

Design stage preceding
operational models,

Demonstrations external to
the laboratory.

Ioose tolerances to reduce

Insensitivity to position,

DESIRED CHARACTERISTICS:
(1) PFixed, stable parameters.
(2)
fabrication costs.
(3
(4

Capability of operation over
a reasonable temperature
range.

Power capacity sufficient
fto handle conventional cw
and pulsed lasers,

Table I. Desired characteristics of experimental and prototype waveguide models.
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Fig. 14 - Sketches of experimental waveguide models,
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WAVEGUIDE TYPE

CHARACTERISTICS

1) Adjustable thickness.
(2) Ak can be adjusted by temperature
Dielectric-slab 1iquid control.
core [Fig. 14(a)] (3) Adaptable to component studies.
(4) Easily modified to short circuit
bisected configuration.
(53) Inherently homogeneous liquid core.
(6) Simple fabrication,
(1) Ak can be adjusted by temperature
control.
Dleleat N ) (2) Adaptable to component studies.
ic- b
eiectric-s-ab £ ass (3) Easily modified to short circuit
core [Fig. 14(b)] bisected configuration,
(4) Permits evaluation of effect of in-
homogeneities in typical glass core,
(5) Fabrication from available drawn sheets.
(1) ok can be adjusted by temperature
control.
Cylindrical fiber (2) Single-mode in both cross-sectional
[Fig. 14(c)] dimensions.
(3) Pabrication from available drawn glass
or quartz fibers,
(1) Ak can be adjusted by temperature
control.
Cylindrical tube (2) Single-mode 1in bofth cross-sectional
dimensions.
[Fig. 14(d)] + h . _
(3) Fabrication from available glass capil-
lary tubes or drawn quartz tubes,
(4) Iiquid may be sealed in tube, removing

necessity for external container.

Table II. General characteristics of various experimental

waveguide models.
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Fig. 15 - First experimental model of macroscopic optical waveguide.
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For prototype waveguides several fabrication techniques
have been considered. The general objective has been to obtain a
waveguide fabricated entirely from solid materials. This objective
is complicated by the small difference (10_4) required between the
dielectric constants of the core and cladding materials. Among the
possible techniques are:

(1) Vacuum depositing of a dielectric cladding on a thin
glass core., The dielectric constant of the cladding may be accurately
controlled relative to the core by depositing a precilse mixture of

several dielectrics simultaneously.

(2) Diffusion of an impurity into the core material. The
core and cladding would be fabricated from the same material and
the diffused impurity would raise the dielectric constant of the

core to the required value.

(3) Heavy doping of the cladding and controlled removal of
the dopant to obtain the required dielectric constant for the cladding.
In this case the core would be a pure material and the cladding
material would be chosen so that its dielectric constant before
doping was below that of the core. The adjustment of the dielectric
constant could be made after the waveguide was assembled by immersing
it in a chemical which removes the dopant in the cladding. Wavegulde
characteristics could be monitored during this process and the

waveguide removed from the chemical when the desired Ak 1s obtained,

(4) Modification of the physical properties of a single
glass slab to establish a k-gradient across it. The modal character-
istics of this waveguide will differ somewhat from those discussed
in Section III, but the important properties will be similar. Among
the possible techniques for obtaining a k-gradient are: heat treating
to change structure, diffusion of impurities into the slab, chemical

reactions, rnuclear processing, etc,

While the present experimental, partially liquld, models
are sultable for waveguide studies and the evaluation of component
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designs, the ultimate usefulness of macroscopic waveguide is its
application to operational systems. Therefore, the fabrication of
a prototype wavegulde, consisting entirely of solid materials 1s of

paramount importance,
B. Materials.

The fabrication of any optical wavegulde involves a choice
of materials which must be based on the effect of the material
properties on waveguide propagation. A brief summary of pertinent
material properties is presented in this subsection.

The properties of most interest are dielectric constant
and dielectric loss. In addition, since metals may be used for
wavegulde bisections, metallic loss 1is also of interest. However,
relatively high losses may be tolerated because the waveguide is
to be used primarily for component fabrication, as opposed to
long-run power-transfer applications. For instance an attenuation
of 10 db/meter results in a loss of only O.1 db for a one centi-
meter long component. On the other hand the tolerance on the
homogeneity of the dielectric constant is quite critical. The
required difference in dielectric constant between the core and
cladding materials is of the order of .0001 for single-mode
dimensions of a hundred wavelengths. Therefore, it is estimated
that the dielectric constant throughout the core should not deviate
by more than .0000L from its design value., The dielectric constant
of the cladding must meet similar specifications in the region of the
interface. However, this tolerance on the cladding becomes less
critical at distances of one or two core thicknesses from the
interface,

Dielectric losses arise from both absorption and scattering
phenomena. In solid dielectrics scattering may be caused by large
discontinuities such as air bubbles or scratches. These losses may
be reduced to a negligible value by specifying optical quality,
precision-annealed glass with a high quality surface finish.

Molecular scattering,which occurs in both liquids and
solids, also contributes to dielectric loss (Ref. 10). This effect
1s directly proporticonal to the fourth power of frequency. Therefore,
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this type of scattering, which is commonly neglected at microwave
frequencies, must be evaluated at optical frequencies. For typical
solid materials molecular scattering contributes about 1 db/meter
to the attenuation at 1 micron,

Absorption 1s another important loss factor at optical
frequencies. From an engineering point of view optical absorption
need only be consildered as a mechanism which reduces the intensity
of the radiation in an exponential manner. The mechanism of
absorption is related to the atomic structure of the material and is
discussed in standard optical textbooks (Ref. 9).

Total loss 1s the important parameter for dielectric
wavegulde materials and this quantity may be easily measured.
Therefore, detailed computations of dielectric absorption and
scattering are not necessarily needed for the evaluation of dielec-
tric materials. Empirical values for the total attenuation of
glass and various liquids appear in the literature (Ref. 1). The
total attenuation of transparent glass is generally given as less
than 10 db/meter in the visible region. The attenuation of benzene
and carbon disulfilde have both been measured at WL to be about
3 db/meter at 0.6328 microns. As indicated previously, this magnitude
of atteruation is considered acceptable for waveguide applications.

Metallic losses are significant because of their effect
on reflection, In the short-circuit bisected waveguldes a
reflectance of 100% is desired. The degradation of waveguide
performance with decreasing reflectance is indicated in Section III.
The approximate reflectance of silver and aluminum are plotted in
Fig. 16 as a function of frequency. This property is also a
function of the angle of incidence. Fig. 16 is pleotted for normal
incidence; whereas, the reflectance at grazing incidence approaches
100% for both metals. In general, reflectance improves at the
lower frequencies. Although silver has a higher reflectance,
aluminum is usually preferred for its corrosion resistance.

Since the precise control of the dielectric constant of
the waveguide materials has a critical effect on waveguide character-
istics, it is necessary to understand the functional variation of
thils parameter. The dielectric constant of a pure material is

related to molecular density and molecular polarizability by the

formula;
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k+z - 3 "o

k - 1 47 (6)

where N is the density of molecules and a is the polarizability.
For materials consisting of a variety of different molecules the
Na product may be replaced by the summation of Na products over
the different molecules. The polarizability, a, 1s a function of
the quantum-mechanical state of the molecules (Ref. 10) and, is
known to exhibit Dboth a temperature and a frequency dependence.

The temperature variation of the dielectric constant
arises from two separate effects. The predominant one for liquid
dielectrics is the variation of density, N, with temperature and
normally results 1in a decrease of dielectric constant with rising
temperatures. The other factor is the temperature dependence of the
polarizability. This is caused by thermal pumpling of molecules into
higher vibrational levels. The effect of the thermal pumping may be
either to raise or lower the dielectric constant depending on the
atomic structure of the material,

The dielectrilc constant of a solid is generally less
temperature sensitive than that of a liquid. For typical glasses
the dielectric constant changes by O.OOOOl/OC while for typical
liquids, it varies by °OOl/OC. Therefore, in a completely solid
waveguide the core and cladding have a similar temperature dependence
so that Ak, the important parameter for waveguilde propagation, will
tend to remain constant even though the absolute value of the
dielectric constant changes. The liquid-solid experimental waveguides,
however, are very temperature sensitive because the dielectric
constant of the liquid varies relative to that of the solid., The
temperature dependence of Ak for a typical experimental waveguide
is plotted in Fig. 17.

The frequency dependence of the dielectric constant is
related to the molecular polarizability of the material. The
polarizability exhibits various singularities as a result of molecular
and atomilc resonances. The frequency variation may be obtained from
Eq. (6) by taking into account the frequency dependence of the
polarizability which is given by;
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e2 fs (7)
Q= % ,
" (ws? - w2)+ Jygw

where f_ is the "oscillator strength" associated with each resonant
frequency, ws; and Yg is a damping term assoclated with each quantum
transition. The summation is over all the resonant frequencies of
the molecule. This theory has been developed from both classical
and quantum mechanical viewpoints in Ref. 2 and will not be presented
here. The dielectric constant as a function of frequency for a
transparent dielectric 1s plotted over a large frequency band in
Fig,., 18, and the dielectric constant of borosilicate crown glass

is shown in Fig. 19 for the visible porticn of the spectrum. This
material is typical of transparent optical materials in that dielec-
tric constant increases with frequency.

The fabrication of a macroscoplc optical waveguide is
considered feasible for both experimental and prototype models.
Experimental waveguides have already been demonstrated and the
choice of waveguide materials may be based on published data and
on simple laboratory measurements. Techniques for fabrication of
more practical, prototype waveguides have been indicated. However,
this application of these techniques 1s sufficiently different from
conventional applications so that careful design and experimentation
will be required for their development.
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V. Experimental Evaluation,

The objective of the experimental study is the verification
of wavegulde performance as predicted by the theoretical analysis.
Positive verification will indicate that there 1is sufficient under-
standing of the wavegulde propagation, and that adequate tolerances
have been held on materials and configuratlons to Justify the various
assumptions of the analysis. The experimental program has included
the observation of waveguide modes, the measurement of field patterns,
and comparison of these characteristics with theoretical calculations,
for several experimental waveguide configurations.

Three wavegulde configurations have been investigated:

(1) a liquid-core, solid-cladding dielectric-slab waveguide, (2) a
solid-core, liquid-cladding dielectric-slab waveguide, and (3) a
short-circuit-bisected dielectric-slab waveguide. These configuratlons
are described below.

The experimental model of the first configuration, a liquid-
core, solid-cladding dielectric-slab wavegulde, was designed with the
features shown in Fig. 20; a photograph of fthis waveguide is given in
Fig, 15. The waveguide structure consists of two 77 mm plates of
Schlieren quality borosilicate crown glass (k = 2.2952), suspended in
chlorobenzene; the inside surfaces of the plates are optically flat.
The glass plates serve as the waveguide cladding, and the chloro-
benzene in the gap between the plates serves as the core,

The spacing between the plates is adjusted by means of a
differential screw, shown in Fig., 20. One turn of the screw changes
the spacing by ten microns. The spacing 1s observed through a 100X
microscope, and measured with a calibrated reticle in the microscope
eyepiece; the measurement accuracy is approximately + 3 microns,

To provide a uniform waveguide, the plates have to be
parallel. This is accomplished by directing a collimated laser beam
through a side window on the waveguide tank, and observing fthe beams
reflected from the surfaces of the glass plates with a telescope,
as illustrated in Fig. 21. Each reflection appears as a point in the
field of view of the telescope. When the points corresponding to
reflections from the inner surfaces of the plates are superimposed,
the plates are parallel. The adjustment is made with three differ-
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ential screws, shown in Fig. 20. After adjustment, the plates are
parallel to within 0,01 milliradian.

The experimental model of the second configuration, a short-
circult-bisected dielectric-slab waveguide, is similar in construction
to the dielectric-slab waveguide described above; the only difference
is that one of the glass plates has been replaced by an identical
plate having a thin layer of aluminum deposited on the optically flat
surface. The glass plate again serves as the cladding, and the
chlorobenzene in the gap between the glass plate and the aluminized
surface serves as the core. The adjustment of spacing and parallel-
ism with this waveguide configuration are identical to those described
above for the dielectric-slab waveguide.

The experimental model of the third configuration, a solid-
core, liquid-cladding dielectric-slab waveguide, employs the same
supporting structure as the waveguldes described above., For the
solid core guide, the two glass plates are removed and replaced by
a thin (89i§ microns ) sheet of optical quality glass, 76 mm long,
which serves as the waveguide core; the chlorobenzene in which it
is suspended serves as the cladding.

In order to measure the number of modes and the field
patterns, a test range has been implemented, This range comprises
three basic systems: the source system, the waveguide system, and
the detection system. A block diagram of the test range is given
in Fig. 22; a photograph is shown in Fig. 23.

The source system, illustrated in Fig. 24, comprises a
CW He-Ne gas laser having a collimated output at 0.6328 microns,
provision for introducing a calibrated value of attenuation into
the laser beam, and a lens for focusing the beam on the input
aperture of the waveguide. The laser output is linearly polarized
in the vertical plane; a half-wave plate may be placed in the beam
to rotate the polarization to the horizontal plane when desired. A
1000 cps square-wave generator provides amplitude modulation of
the laser.

The wavegulde system, illustrated in Fig. 25, comprises
the waveguide test fixture described previously, a thermostatically-
controlled water-circulation system connected to the bottom of the
waveguide tank, and provisions for adjusting the orientation of the
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waveguide relative to the incident laser beam. The temperature-
regulation system is necessary to control the dielectric constant
of the 1liquid in the waveguide, and therefore the difference in
dielectric constant between the core and the cladding, as discussed
in Section IV, Part B, The temperature of the waveguide may be
controlled to ip.OSO C, and, therefore, the difference in dielectric
constant is controlled to +0.00005. The waveguide tank is mounted
on a table and may be rotated in the horizontal plane, in order to
vary the angle of incidence of the laser beam (excitation angle).
The table may also be moved transverse to the incident laser bean,
in order to sample different portions of the beam,

The detection system, illustrated in Fig. 26, comprises
a 1P22 photomultiplier tube and power supply, and either a tuned
amplifier or a chart recorder, both of which respond to the 1000 cps
modulation frequency of the laser. Both the recorder and amplifier
are calibrated in decibels. A small rectangular aperture is placed
in front of the photomultiplier to provide the requisite spatial
resolution., In order to measure the aperture distribution of the
wavegulide, a 100X microscope is focused on the output aperture, and
the pattern observed with the microscope is measured. The microscope
is not employed when measuring the far-field (radiation) pattern of
the waveguide., In addition to the above apparatus for pattern
measurements, provision has been made for photographically recording
the waveguide output.

The tests of the three waveguide configurations are

described separately below,
1. Iiquid-Core, S0lid-Cladding Dielectric-Slab Waveguide.

For this waveguide configuration tests were made both of
mode excitation and of aperture field distribution, The three
parameters which could be adjusted are the difference in dielectric
constant between the core and the cladding, the waveguide width, and
the excitation angle of the waveguide. The width was adjusted to
35.7 microns (57A) and then held constant throughout the test for
the mode excitation study. .The first step in the measurement was to
increase the temperature until the wavegulde became dark; at this
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temperature, the difference in dielectric constant between the core
and cladding is zero. The temperature was then decreased in discrete
steps to increase the difference in dielectric constant. At each
temperature level, the temperature was allowed to stabilize, and the
excitation angle was varied. The highest propagating mode was noted,
by counting the maximum number of lines observed in the core, and
the corresponding mode number was indicated at a point on the mode
chart (Fig. 27 ) corresponding to the measured values of waveguilde
spacing and difference in dielectric constant. It should be noted
that the number of lines observed in the aperture for a given mode

is one greater than the mode designation "m". TFor agreement between
measurements and theory to be indicated, a highest mode rnumber "m"
would be observed for a point on the chart between the lines labeled
"m" and "m+1", For small differences in dielectric constant, the
data agrees with theory; as the difference increases, fewer modes
were observed than predicted. However, within the precision and
tolerances of the measurements and waveguide construction, it is
considered that the waveguide modes observed are consistent with the
theoretical analysis.

For the measurements of aperture field distributions, the
waveguide width was first adjusted to be 75A, the temperature of the
waveguide was adjusted so that only the fundamental mode (TM-O, TE-0)
was supported, and the excitation angle was adjusted for maximum output.
A measured and theoretical pattern are shown in PFig. 28. The
theoretical curve was obtained by noting the measured field
amplitude at the edge of the core. This amplitude determines the
values of the waveguide parameters "p" and "q", which in turn
determine the theoretical field pattern (Appendix I). Good agreement
between measurements and theory is obtalned, indicating that waveguide
performance is correctly explained by the analysis. A 'noise" level
at about -22 db is observed, and is caused by scattered light in
the waveguide region. An additional aperture field pattern is
presented in Fig, 29 for 50A guide spacing. Although some asymmetry
is present in this pattern, indicating that more than one mode 1is
present, the general shape of the field is the same as that predicted

by the analysis.
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The temperature and excitation angle of the waveguide
were subsequently adjusted to provide pure second-mode operation
with a guide spacing of 31.6 microns (50A). The measured pattern
is plotted in Fig, 30. As 1in the fundamental-mode case, the pattern
has the general characteristics predicted by the theory. However,
the value at the center should be a nmull, but only a minimum was
measured, This effect is caused by the photomultiplier, which has
an aperture of some extert, and is an intensity-responding device,
Therefore the depth of the minimum could not be measured accurately.
The noise level was again approximately -22 db., The wavegulde was
then adjusted so that both the first and second modes propagated, in
a guide of 83.0 micron (lSlk) spacing, and the pattern was measured
(Fig. 31). The general characteristics of the pattern again agree
with the theory. The asymmetry in the pattern is a result of the
vector addition of the fields of the two modes.

An attempt was made to observe and measure the radiation
pattern for each of the three aperture distributions above. Because
of spurious 1light transmission in the waveguide region, these
observations were not possible at that time., However, observations
were made for two cases of individual higher modes in a waveguide
with 65.5 micron (103A) spacing. When only the third mode was being
propagated, the measured pattern angle was 0.03 radians, the same
as the theoretical value, When the eighth mode was propagated, the
measured pattern angle was 0.08 radians, also the theoretical value.
These results further verify that the guide i1s operating according
to the theoretical model assumed in the analysis.

2. Short-Circuit-Bisected Dielectric-Slab Waveguide.

This waveguide configuration was tested both for mode
excitation and for field patterns as described above for the all-
dielectric guide. The theoretical performance of this bisected
waveguide, based on the éssumption of a perfectly conducting metal
wall, is similar in some respects to the dielectric guide, but
differs in certain significant details, A metal wall forms a mirror
and images some of the allowed modes, but deces not permit others.

To summarize briefly, every alternate TM mode is permitted starting
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with the TM-0 mode (all modes with even mode number "m"). The lowest
order TE mode is not allowed, but all modes with odd mode number "m"
are permitted. The mode chart has the same cutoff lines as that

" for the dielectric guide, but represents only half of the modes.

Each line represents the introduction of either a TE or TM mode,

but not both simultaneously as for the unbisected guide. The width
of the waveguide on the chart is equal to twice the actual separation
between the metal surface and the boundary. The TM modes are
characterized by maximum electric field amplitude on the metal wall
and the TE modes by minimum electric field amplitude.

The first tests had as an objective the identification of
the different shapes for the TM and TE modes, and the verification
of the different cutoff conditions for the two types of modes. For
these tests the wavegulde temperature was adjusted so that only the
fundamental mode was supported, and the excitation angle was adjusted
for maximum output. The aperture distribution was then measured for
both the TE and the TM modes by changing the incident polarization -
Figs. 32 and 33 respectively. Both patterns are identical within
experimental accuracy, indicating that contrary to theory the propa-
gation characteristics are identical for the two modes,

The waveguide was then adjusted to provide second-mode
operation, and the aperture distribution was measured for both the
TE and the TM modes — Figs. 34 and 35 respectively. Both patterns
are agalin, contrary to theory, identical within experimental accuracy.
The fact that both peaks are not of equal amplitude indicates the
presence of some fundamental mode, in addition to the desired second
mode.,

Additional tests were performed with greater difference
in dielectric constant and additional TE and TM modes were observed,
The main characteristic that became evident in all the above tests
is that the TE and TM modes were identical in shape and cutoff
characteristics, and therefore indicate a departure of measured
performance from the theoretical model. A preliminary analysis
suggests that this departure is caused by ohmic losses in the metal
surface. These losses are great enough to change the phase of the
reflection coefficient for parallel polarization (TM waves) from

0° to 1800, thus giving the TM waves the same propagation character-

63A




V9

TRANSVERSE DISTANCE, NORMALIZED TO CORE THICKNESS, x /4

l.o

"2.9 ¥ I I _1.19 ) I i

4

METAL WALL

|
|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
l
|
|

RELATIVE FIELD STRENGTH, db BELOW PEAK

12T

14+

184

28+

30+

—t
T

1
1

|
|
|
|

|
I
|

:\ DIELECTRIC

INTERFACE

Pig., 32 - Aperture distribution, fundamental TE mode 1in bisected dielectric-slab

waveguide; SOAM spacing.



V&9

TRANSVERSE DISTANCE, NORMALIZED TO CORE THICKNESS, x /d

-2.0 . "100

i 1

N

L

.
1

l.o 2.0

L L L i 1
T L} T T

-+

|
|
|
|
|
|
I
|
I
|
|
|
|
|
|
|
|
|
|
I

1
) T

Il
T

db BELOW PEAK

?

[y*]
o
+

RELATIVE FIELD STRENGTH

~N
[0 0]
i

™
Q

30-

L

1
|
|
|\ DIELECTRIC

INTERFACE

|
|
|
|
I
|
|
I
|
|
I

Pig. 33 - Aperture distribution, fundamental TM mode in bisected dielectric-

slab waveguide; 50A

spacing.



V99

TRANSVERSE DISTANCE, NORMALIZED TO CORE THICKNESS, x /d

"200 -100

Lo L

i
T

0

1.0

-«

2.0

-

=

1 1
L] Ll j T

2-]‘-
4T

"
I
|
|

6+

METAL WALL /8'_ i

M

DIELECTRIC
INTERFACE

-

O
4
+

[
sV}
Il

b
K
1

o
o
+

]
[00]
T

<t

221
241

26.1_

RELATIVE FIELD STRENGTH, db BELOW PEAK

28+

l
|
I
l
l
|
I
|
|
I
|
|
|
|

304L

Pig. 34 - Aperture distribution, second TE mode in bisected dieleetric-slab
waveguide; SON spacing. '



TRANSVERSE DISTANCE, NORMALIZED TO CORE THICKNESS, x /d

-2.0 -1.0 0

1.0

1,

2

-Ir-

! d L Il I 'l - - L J L 3 i
T T T T T

METAL WALL 4:__

101

12

144
164
18‘['

201

261

RELATIVE FIELD STRENGTH, db BELOW PEAK

|
|
|
|
|
|
|
|
I
|
|
|
|
|
|
|
|
l
| 281
! 30l

Fig. 35 - Apertyre distribution, second TM mode
waveguidel; SOM spacing,

V.9

L L
T

+

1
|
l
|

k\ DIELECTRIC
INTERFACE

|
l
i
|
|
|
I
|
|
|
|
|

in bisected dielectric-sladb



istics as TE waves. This type of behavior is often exhibited at
microwaves and lower frequencies; one example is propagation of a
ground wave over the earth,which has a finite conductivity. Since
this behavior departs from the simple theoretical model assumed,
further study is planned to understand the propagation characteristics

for application to component design.
3. So0lid-Core, Liquid-Cladding Dielectric-Slab Waveguide.

Preliminary observations were made with this configuration
using a glass core of good, but not controlled, quality: no
specifications were available on the dielectric constant, the
homogeneity, or the flatness of the surfaces defining fthe core-
cladding interfaces. The initial investigation revealed that
individual higher modes could be propagated in this guide; they
appeared to have the expected general characteristics.

An attempt to adjust this configuration for fundamental-
mode operation, and measurement of the aperture distribution of
the first several modes, i1s being deferred until thin glass sheets

with controlled properties are received.
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VI. Conclusions.

The properties of optical dielectric waveguilde have been
investigated for the case where the difference in the dielectric
constants of the core and cladding materials is extremely small., In
this waveguide, single-mode operation may be obtalned with core
dimensions of many wavelengths; thereby faclilitating the fabrication
of proposed mlicrowave-type components.

The propagation characteristics of the wavegulde have been
analyzed using the conventional microwave technique of transverse
resonance. From these computations the variations of the field
intensities for the core and cladding regions have been obtained.
This approach also yields the cut=off conditions which have been
presented graphically in the form of mode charts. While the attenua-
tion of this gulde has been found to be high enough to preclude its
use as a long distance transmission line, 1t is low enough so that
lengths of a few centimeters, containing several microwave-type
components, are considered feasible,

The problem of efficient waveguide excitation has also been
studied theoretically; both for single-mode and multi-mode waveguides,
It has been found that nearly all the power in an incident beam may
be coupled into the lower waveguide modes by simple focusing
techniques.

A number of techniques for waveguide fabrication have been
considered. Throughout this work a distinction has been made between
experimental waveguides, containing a liquid diclectric, and more
practical, prototype waveguldes which must be constructed entirely of
solid dielectrics. Fabrication feasibility has been demonstrated by
the operation of a laboratory model and sufficient design data has
been obtained to permit the "electrical" design of a solid waveguide.
However, the fabrication of an all solid waveguide is complicated by
the tight tolerances required on the dielectric constants of the
waveguide materials. Fabricatlon techniques are being studied and it
is believed that the fabrication of a solid waveguide is feasible.
Among the more promising techniques are (1) vacuum depositing of the
cladding and (2) adjustment of the dielectric constant of a glass slab
by physical or chemical changes.
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The experimental program to date has consisted of a study
of field distributions and cut-off conditions for several configura-
tions., The cut-off conditions were determined by observing the
highest order mode which could propagate for a given core thickness
and difference in dielectric constant. The field plots were obtained
in a manner similar to the measurement of microwave antenna patterns.
The waveguide aperture distribution was transferred to a more
accessible location by the focusing action of a microscope. Then
this field distribution was scanned by a photomultiplier with a small
sampling aperture., A servo system linked the scanning photomultiplier
to a recorder which plotted the field distribution. The results of
these measurements are in agreement with dielectric waveguide theory,
An interesting result of these experiments was the realization that
a short-circuit-bisected waveguide at optical frequencies does not
exhibit the mode structure predicted by assuming a perfect conductor
at the bisecting plane. It was found necessary to include the effect
of the metallic losses to explain the observed modes,

In general, this study has demonstrated that single-mode
waveguide with macroscopic dimensions at optical frequencies may be
constructed and that the performance of this wavegulde follows

theoretical predictions.
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Appendix I. Analysis of Propagation in Dielectric Slab Waveguide by

Transverse Resonance.

The propagation characteristics of dielectric slab wave-
guide can be determined either by a solution of the field equations in
this structure with application of the appropriate boundary
conditions, or by a transmission line type of analysis. This appen-
dix indicates an analysls based on the transmission line technique of
transverse resonance (Ref. 6). The basic approach is to consider the
structure as a transmission line in the transverse direction and set
up the conditions for resonance on this line. Certain resonant
conditions in the transverse direction correspond to real propagating
modes in the longitudinal direction of the guide.

The configuration of the dielectric slab waveguide is shown
in Fig. 36(a). It consists of a dielectric slab of relative dielec-
tric constant, kl, and width, d, (waveguide core) bounded on both
sides by a dielectric of relative dlelectric constant, k2 (cladding).
The transverse waveguide equivalent circuit is shown in Fig. 36(b).

It comprises a transmission line of length d, impedance Zl’ and
propagation constant K1 with semi-infinite lines of impedance 22 and
propagation constant K2 connected to each end as shown. A resonant
condition in this waveguide exists 1if the impedance at some reference
plane looking in one direction is equal to the negative of the
impedance at this same plane looking in the other direction, that is,

Z(xy) + 2(x) = O, (8)

This equation can be solved directly for the equivalent circuit
indicated; however, because of the symmetry, the circult can be
bisected with an electric wall (short circuit) or a magnetic wall
(open circuit) in order to simplify the analysis. The resulting
equivalent circuits for these two cases are shown in Fig. 36(c) and
(d). In order to find all the possible modes of propagation, both the
short circuit and open circuilt cases must be solved, and the analysis
must be done for both transverse magnetic (TM) and transverse

electric (TE) modes.
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The wave 1lmpedances in the core and cladding regilons of the
transverse equivalent waveguide are as follows. For the TM modes,

K X

7 = _O; 7 = =2 . (1©)

The method of analysis will be indicated for the TM modes
with short circuit bisection. The other cases can be analyzed 1in an
identical manner, and sc only the results will be presented. The
impedances looking to the right and left at the plane x = d/2 in
Fig. 36(c) are substituted into equation (8):

d

tan K, 5 + 2, = O, (11)

Jz 173 2

1

After substitution for Zl and ZZ’ this equation can be written as,

(12)

L

k
d 1
Kl tan KlE = I{-Z-IKE

where K2 has been replaced by ﬂIKé , S8ince this propagation constant
must be imaginary to obtain a solution.

For simplicity, the following parameters are defined, which

include the propagation constants in the core and cladding, and the

waveguide size:

K%=p; (13)

1

%2 = a- (14)

Equation (12) above can now be rewritten in terms of the new

parameters p and q as follows:

k
p tan p = E§ qa . (15)
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This 1is one of the basic characteristic equations for the dielectric
slab wavegulde. As derived above, it applles only to T™ modes with a
short circult bilsection. However, for the case of small Ak, the
factor kl/k2 is very nearly equal to unlity and can be neglected with-
out appreciable error. This equation 1s then identical to the
equatlon which would be obtained for TE modes with open cilrcuit
blsection. The corresponding equations for the TM open cilrcuit and
TE short circuit bisections are identical to equation (15) if the
tangent function is replaced by the negative cotangent. Since the
tangent and cotangent are related through a constant angle displace-
ment in the argument, a single equation can be written to cover all
cases:

p tan (p - ) = q. (16)

The value of m in this equation designates the particular mode
number, i.e,, TM-m or TE-m mode. A value of m = O corresponds to
the fundamental mode (TM-O or TE-0).

The second characteristic equation is obtained from the
following relationshilps between propagation constants:

~
I

2 2
K "k, - K, (17)

2 2
K° = Kk, - K" . (18)

These equations can be combined and written in terms of the p and g
parameters defined above to give the second characteristic equation:

2

T O - k). (19)

2

pT+q = K

Equations (16) and (19) are plotted on p vs. q coordinates in Fig. 37.
These curves contain sufficlent information to completely specify the

propagation characteristics of a slab wavegulde. The intersections of
the curves given by equations (16) and (19) determine the values of

p and q which simultaneously satisfy both equations, and hence satisfy
the conditions for propagation. The conditions for mode cutoff can be
readlily obtained from these curves. For a guide to support
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propagation in TM-m and TE-m modes and lower, the curves must inter-
sect in at least m + 1 places (since m = O corresponds to the lowest
modes). Conversely, if we wish to restrict propagation to only TM-m
and TE-m modes and lower, the curves must intersect in only m + 1
places. This requires

K%(k—kl/2<(m+l)12t, (20)

1l 2)

or rewriting in terms of free space wavelength, A,

% Jak < (m + 1) % . (21)

For a single mode guide, therefore, the paramecter (d/A).Ak
must be less than 1/2.

The field strengths in the waveguide core and cladding are
functions of the transverse propagation constants in the respective
regions, Therefore, the field distribution can be written in terms of
p and g parameters., Expressions for the fields in the core and
cladding regions for both TM and TE modes are given in Table III.
These expressions are written in terms of the p and q parameters, a
wave impedance which depends on the particular field component and a
factor, A. A contains a factor Am, related to the absolute fields
in the guide, and the waveguide propagation factor, exp - Kéz exp Jwt,
which is the same for all the fields. All of these factors are
essentially independent of the waveguide parameters for the case
of small Ak, except for the functions of p and g, Therefore,
these parameters determine the field distributions almost exclusively.
A plot of the transverse fields of the two lowest order modes in
slab wavegulde 1s shown in Section III, for several different
operating conditions., The values of p and q at these operating
points are indicated on the curves of Fig. 37.

The dispersion properties of the waveguide are the varia-
tions of propagation constant with frequency and waveguide dimensions.
The variation of guide wavelength with free space wavelength is a
common way of expressing the dispersion. QGuide wavelength 1s related

to the propagation constants as follows:
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TM~-MODES TE-MODES
FIELDS IN CORE
= 2px _ mm = Zpx _ mr
H = A cos (=5 5 E, = A' cos (=% =)
- - 5 (Rx _ mm = Zpx _ mm
E, = -A ZZl cos ( 3 5 ) H, = A ZZl cos (=3 5-)
= -3 g (ZRX _ mmw = —apt in (£RX _ mm
E, = -jA Z; sin ( = 5 ) H, JA' Z, sin ( s 5 )
FIELDS IN CLADDING
_ _ x-4/2 . ad _ X-d/2
y = A cos bm exp a( I5 ) Ey = A! cos b exp q( 3/2 )
x-d/2y _ _ _(x=d/2
< = A 222 cos b exp - al 3/2 ) H, = At ZZ2 cos b exp a( a/s )
s ; _ x=-d/2 s _ . x-d/2
y = ~JA Z, sin b_ exp af 175 ) H, = -JA' Z, cos b_ exp af a7/ )

At

A exp - J Kzz exp Jjwt

1 _ . . t
Am exp J KZZ exp Jjw

Table III - Expressions for field components in dielectriec slab
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waveguide.




K
2
g %o

o= (22)

The factor Kz/Ko can be written in terms of the p and q parameters:
2

> 1/2
KoP * M d

e o 23)
5 _ (
g p° + q°

>’|>«'

This expression can be written in many forms to find the variation
with particular waveguide parameters. The variation of guide wave-
length (A/A_) is plotted as a function of the guilde width in wave-
lengths (d/A) in Section III of this report.
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